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ABSTRACT 
 
 Population growth and shifts in the global economy are creating greater demand 
for food, fiber, and fuel.  These demands are driving land use changes (LUC) associated 
with expanding food production and the search for renewable energy.  Second-generation 
cellulosic biofuel feedstocks are being pursued as part of the solution to diversifying both 
the agro-economic and renewable energy sectors.  This land conversion is expected to 
alter the surface energy balance via albedo changes and shifts in the partitioning of 
energy between sensible and latent heat fluxes.  The degree to which albedo will shift is 
uncertain, as is the feedback this shift may have on regional climate.  This thesis 
examines how land conversion from the traditional annual crops maize (Zea mays) and 
soybean (Glycine max) to perennial biofuel crops miscanthus (Miscanthus × giganteus) 
and switchgrass (Panicum virgatum) alters surface radiation and water balance and the 
implications of these changes on large-scale energy and water budgets.  The goals of this 
research are to: 1) quantify changes to albedo from transitioning from annual row crops 
to perennial biofuel crops and 2) implement these changes into a biophysical model in 
order to simulate the impact that a variety of land management strategies could have on 
regional climate. 
Albedo of perennial grasses and traditional row crops was measured over multiple 
years and multiple locations around central Illinois.  Results show that perennial biofuel 
crops had an overall higher albedo than current agricultural crops but there was a strong 
seasonal pattern.  During the growing season perennials had higher albedo than row 
crops, with miscanthus having the highest followed by switchgrass then row crops.  
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Averaged over the course of the study, crop albedos had the opposite trend during winter, 
though results were not statistically significant due to intra-annual variations in snow 
cover.  When snow covered the ground, harvested annual row crop fields had very high 
albedo whereas non-harvested perennial fields gave more moderate values.  Following 
harvest, the albedo of the perennials did not differ substantially from row crops.  Overall, 
these albedo measurements reveal that planting perennial biofuel crops resulted in a large 
reduction in radiative forcing to the surface energy balance. 
These albedo measurements along with other relevant observations were 
implemented into the Agro-IBIS model to investigate potential biophysical impacts 
associated with implementing climate-smart management techniques such as utilizing 
crops with longer growing seasons, converting to no-till agriculture, and planting 
perennial biofuel crops.  Key findings from these scenarios show: 1) a decrease in net 
surface radiation caused by the increased crop residue left behind from no-till agriculture, 
2) lower net surface radiation from expanding the area covered by perennial crops, and 3) 
a reduction of the sensible to latent heat flux ratio and suppressed soil temperatures 
caused by planting crops that can better utilize the longer growing season that is expected 
due to global warming. 
The findings presented here show that the expansion of perennial biofuel crops 
will have significant biogeophysical impacts on the surface energy and water balance and 
will generally cool the surface of the earth.  Additionally, perennial crops are well suited 
to being part of a diverse portfolio of climate-smart land management schemes. 
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CHAPTER 1: GENERAL INTRODUCTION 
1.1 Introductory Statement 
Life on Earth depends on the sun.  Despite its distance from earth, the sun 
provides energy to drive climate, ocean and atmospheric currents, and photosynthesis.  
Solar radiation arrives at the earth as shortwave radiation (global annual mean 
341 W m-2, Fig. 1.1; (Trenberth et al., 2009).  About one-quarter of incoming shortwave 
radiation, 79 W m-2, is reflected back to space via clouds and aerosols and a small 
portion, ca 78 W m-2, is absorbed by the atmosphere.  Of the remaining down-welling 
shortwave radiation (184 W m-2), about 13 % (23 W m-2) is reflected from the surface, 
known as albedo.  To maintain equilibrium between the surface and the atmosphere, the 
remaining energy (161 W m-2), referred to as net surface radiation, is redistributed as 
different forms of energy.  Net radiation is the energy available for ecosystems to use and 
the primary biological importance of net radiation is to drive global primary productivity 
and the water cycle.   
Disregarding anthropogenic influence on the global energy budget and assuming 
the earth is in long-term equilibrium, the global annual average net surface radiation is 
zero.  However, the entire climate system is driven by spatial and temporal imbalances in 
how net surface radiation is apportioned.  For instance, the latitudinal gradient in the 
strength of net surface radiation causes rising air at the equator and descending air near 
the poles.  At any stationary non-equatorial point, seasons are caused by cyclical 
variations in net surface radiation.  By demonstration, a mid-latitude location such as 
Champaign-Urbana, IL receives a monthly average incoming solar radiation of about 400 
W m-2 in the middle of the growing season but only 150 W m-2 in December (Zeri et al., 
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2011).  On a diurnal timescale, this rainfed and fully vegetated location receives 
incoming net radiation of about 600 W m-2 in the middle of the growing season.  
Approximately 13% of this energy transfers into the soil via ground heat flux, 15% is 
converted to sensible heat flux and transfers heat through the atmosphere, and 50% is 
converted to latent heat flux.  On an annual basis, both photosynthesis and energy storage 
are negligible in the total energy balance. 
Land use determines how incoming solar radiation is partitioned.  Vegetation, 
which covers 109,055,204 km2 (74%) of the earth’s land surface (Bartholomé & 
Belward, 2005), exerts strong control over the redistribution of solar energy (Bonan, 
1997; Graetz, 1991; Mahmood et al., 2013).  Firstly, vegetation is very efficient at 
intercepting incoming radiation.  Of this radiation, some is reflected upwards, some will 
reach the ground surface, and a small portion drives photosynthesis.  The process of 
photosynthesis converts radiant energy into chemical bonds to produce high-energy 
molecules.  For photosynthesis to occur, CO2 must enter the leaf where it is reduced to 
simple sugars.  Due to the necessary exchange of CO2, plant water is transported outward 
as well.  In order to prevent desiccation and death, vascular plants absorb water from the 
soil with their roots, transport the water through specialized vascular bundles into the 
leaves, and transpire water through their stomata back into the atmosphere.  Transpiration 
is shown to account for between 25 and 90% of global terrestrial evapotranspiration 
(Jasechko et al., 2013; Schlesinger & Jasechko, 2014; Wang et al., 2014; Wei et al., 
2017) and is a key in controlling the global water cycle (Bernacchi & Vanloocke, 2014).  
Thus, vegetation plays a large role in exchanges of latent heat flux and connects the 
energy and water budgets of the earth as it modulates the surface energy balance. 
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Humans have extensively altered the land surface.  In the Midwestern United 
States, for example, massive land use changes have occurred since the mid 1800s (Bonan, 
1997; Ramankutty et al., 2008).  Perennial grasslands have been largely replaced with 
intensively managed annual row crops.  In 2016, maize and soybean were planted on 21 
and 18 Mha, respectively, in the Midwest U.S. and accounted for 75% of the region’s 
arable land (Hatfield et al., 2017).  Historic land use changes have driven profound 
alterations in key aspects of hydrology, biogeochemistry and regional climate; analysis 
has strongly implicated management and land-use factors in historical episodes such as 
the ‘Dust Bowl’ (Baveye et al., 2011), and the recent Midwest “warming hole” (Mueller 
et al., 2016). 
Driven by a complex mix of population growth, globalization, and the greater 
need for food and fuel, land use changes (LUC) are continuing and will likely accelerate 
(Hess et al., 2016; Meyfroidt et al., 2013).  In pursuit for more renewable energy, 
growing crops that can be used to produce ethanol has become a major focus (Carroll & 
Somerville, 2009; Somerville et al., 2010; Tilman et al., 2009; U.S. Department of 
Energy, 2017).  The most likely candidate biofuel crops are lignocellulosic perennial 
grasses, such as Miscanthus × giganteus (miscanthus, (Heaton, 2004; Heaton et al., 2010) 
and Panicum virgatum (switchgrass).  In addition to a lack of direct competition with 
food crops, perennial grasses have several advantageous ecosystem services that are 
beneficial to the environment, including improved soil retention, greater carbon 
sequestration, less fertilizer requirements, and reduced drought sensitivity compared to 
common row crops.  However, these crops also have traits that could potentially alter the 
character of the land surface.  They have long growing seasons so they emerge earlier and 
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senesce later than annual row crops.  Their deep rooting systems access soil moisture 
from different soil horizons than row crops (Anderson-Teixeira et al., 2013; Mishra et al., 
2012).  These traits are predicted to impact regional energy and water cycles (Bagley et 
al., 2015; Georgescu et al., 2009; 2011; McIsaac et al., 2010; Miller et al., 2015) and 
potentially lead to additional impacts on the climate system as seen previously (e.g., 
Baveye et al., 2011; Mueller et al., 2015). 
This thesis examines surface energy and moisture balance changes associated 
with land conversion from annual to perennial crops and links these changes with larger-
scale energy budgets and climate scenarios.  This research first provides a unique dataset 
comparing albedo measurements of two candidate perennial biofuel crops with traditional 
row crops.  These data and other relevant observations are then incorporated into model 
simulations examining the biophysical impacts of several climate-smart agricultural 
management practices in current and future climate scenarios.  This research is separated 
into two distinct, and already published, chapters.   
Chapter 2 presents the first dataset showing replicated field-based measurements 
of albedo for miscanthus, switchgrass, maize, and soybean.  Significant work has 
previously examined the impacts of land use changes on carbon and water fluxes 
(Hickman et al., 2010; Joo et al., 2016; Joo et al., 2017; VanLoocke et al., 2012; Zeri et 
al., 2011; Zeri et al., 2013; Zhu et al., 2017), however, little is known about changes to 
albedo.  For example, the question remains whether the albedo for perennial bioenergy 
feedstocks differs from traditional row crops.  Despite this uncertainty, assumptions 
associated with albedo for these crops have been integrated into regional models 
(Georgescu et al., 2009, Georgescu et al., 2011).  My research analyzes over 10 site-years 
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of data to show the impact on albedo and radiative forcing that will occur if traditional 
row crops are replaced with miscanthus and switchgrass.  The observations reported in 
chapter 2 have been published in Global Change Biology Bioenergy, a journal that 
specializes in publishing important and timely science related to the interface between 
biological sciences and the production of biofuels. 
Chapter 3 evaluates the impact that land use and climate changes will have on 
land-atmosphere interactions, particularly related to influences on climate.  This research 
is accomplished by integrating the albedo responses observed in Chapter 2 into a regional 
biophysical model, Agro-IBIS.  This newly parameterized model will then address three 
key issues related to agricultural decisions that are linked with optimizing climate 
benefits.  These issues relate to: 1. extended growing seasons associated global warming, 
2. changing management practices toward no-till, and 3. adoption of perennial grasses on 
the landscape.  Chapter 3, which was co-written with a former postdoctoral researcher in 
the laboratory, Justin Bagley, was published in the high impact cross-disciplinary journal, 
Plant, Cell and Environment, as an invited contribution to a special issue on “Climate 
Smart Agriculture”. 
Chapter 4 gives an overview of the importance and challenges as well as possible 
methodology for partitioning evapotranspiration.  Evapotranspiration partitioning offers 
another potentially powerful method of evaluating shifts in the water balance as land use 
changes occur.  Partitioning has typically been accomplished by measuring separately the 
components of transpiration via sap flow sensors, which are difficult to maintain in most 
field settings, and soil evaporation via lysimeters, which require intense fieldwork and are 
fraught with potential biases.  Recently developed continuous isotope analysis 
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instruments hold promise for achieving a more robust and high-resolution 
evapotranspiration partitioning.  This chapter critically examines the technique and 
discusses important modifications for its deployment. 
Chapter 5 summarizes the preceding chapters and puts the research from this 
thesis into a larger context.  This chapter will outline further challenges associated with 
the study of biogeophysical impacts of land use changes and outline future research 
opportunities. 
 
1.2 Background 
The global human population is rapidly increasing and is expected to surpass 9 
billion by 2050 (Alexandratos & Bruinsma, 2012; United Nations, 2017).  With increased 
global population comes greater demand for food, fiber, and fuel (Foley et al., 2011).  In 
many regions the quality of life is climbing as well (Weinzettel et al., 2013), which 
means increasing demand for more calories, more diverse foodstuffs, and foods from 
higher trophic levels (Beddington, 2009).  To sufficiently feed the expected world’s 
population in 2050, yields need to be increased 60 to 110% compared to 2005 
(Alexandratos & Bruinsma, 2012; Tilman et al., 2011). 
Approaches to maximizing yields will ideally involve joint efforts from multiple 
disciplines.  One approach to achieve improvement in yields is through studying the plant 
itself.  Traditional breeding programs have long served as reliable means to maximizing 
crop yields.  However, analysis of past yield increases suggests that current approaches of 
plant breeding and technological development will not be sufficient to achieve the 
doubling of yield that will be required by 2050 (Fig. 1.2; Ray, Mueller et al., 2013).  
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Since 1977, world production has increased by a diminishing amount for rice and wheat 
(Fig. 1.3; Long & Ort, 2010; Ray et al., 2012).  Improvements in major crops have been 
diminishing over time, a trend which will not be sustainable if demands are as projected.  
Historically, yield improvements have been accompanied by large increases in 
fertilizer, herbicides, pesticides, and water inputs.  The green revolution introduced 
improved mechanization and new crop genotypes with increased harvest indices (Foley, 
2005).  However, to fully realize peak yields, the new technologies were supplemented 
by a long list of highly effective agrochemicals as well as more irrigation (Kucharik & 
Ramankutty, 2005).  This trend in increased inputs is likely to repeat as global population 
rises (Lobell & Field, 2007; Ort & Long, 2014).  However, the use of chemicals has 
clearly-demonstrated environmental risks and expanding irrigation is not feasible or it is 
too environmentally unsustainable for much of the world (Foley, 2005).  Thus, increasing 
agricultural yields while avoiding the concomitant burden on the environment requires a 
multifaceted approach. 
Improvements in yields will also need to occur via more modern approaches such 
as genetic engineering, which can create plant varieties better suited to climate extremes 
(Davis et al., 2015; Duvik, 2005; Grover et al., 2013; Tardieu et al., 2014) or with 
improved pest and disease resistance (Hurni et al., 2015; Nafziger, 2012).  In addition to 
these changes in crop germplasm, a concerted effort is underway to increase the 
efficiency of fundamental photosynthetic processes (Ort et al., 2015; Zhu et al., 2010).  
These approaches will move us closer towards feeding the burgeoning population.  
However, it is unclear if these strategies alone will be enough to keep up with growing 
demands (Xu et al., 2013).  
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Diversification of the agricultural sector may help balance the burdens of a 
growing population on the land surface (Asbjornsen et al., 2013; Hess et al., 2003; Jager 
& Efroymson, 2017).  Some land recurrently yields too low (Foley et al., 2011) or is 
prone to flooding (Rosenzweig et al., 2002).  Selecting crops specifically suited to grow 
in these areas could improve agricultural yields.  Furthermore, climate change is 
exacerbating unpredictability in year-to-year weather conditions (Hatfield et al., 2011; 
Hatfield et al, 2015; Lesk et al., 2016).  These environmental stressors as well as vagaries 
in global economic trends are placing extra burdens on agricultural production (Hatfield 
et al., 2017).  Partly in response to these pressures and with incentive from high 
commodity prices, farmers are increasingly expanding their planted acreage, often 
moving into land less suited for intensive annual row crop agriculture (Schmitz et al., 
2013; Lark et al., 2015).  This extensification has the potential to cause further 
environmental burdens.  For instance, some farmers are choosing to revert the land they 
had under the federal Conservation Reserve Program (CRP) back into production 
(Hellerstein, 2017; Morefield et al., 2016).  The CRP was established by the 1985 Farm 
Bill to protect environmentally sensitive lands (Hellerstein, 2017).  Landowners are paid 
to convert land from agricultural production to minimally managed land with a perennial 
cover.  At its peak enrollment in 2007, 14.9 million ha of land were part of the CRP.  By 
2009 CRP land had reduced the loss of soil due to water and wind erosion by 445 
teragrams nationwide (Li et al., 2017).  Loss of CRP land is detrimental to the long-term 
sustainability of American cropland (Morefield et al., 2016).  However, more options are 
emerging that encourage the preservation of land protections while still supporting a 
robust agriculture industry.  For example, planting deep-rooting perennial miscanthus or 
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switchgrass on degraded or otherwise marginal land would slow erosion, increase carbon 
sequestration, and diversify the agro-economic portfolio of producers (Blanco-Canqui, 
2010; Dufey, 2006; McLaughlin et al., 2002; 1999). 
The potential for land use changes to meet growing agricultural demands is likely 
to have significant impacts on many ecosystem services.  For example, vegetation and 
climate are intertwined.  The type of land cover can alter surface reflectivity, the ratio of 
sensible heat flux to latent heat flux, and recycling of moisture from the ground back into 
the atmosphere.  All of these alterations have a direct impact on climate.  The evolution 
of vascular plants 400 million years ago led to a planetary shift in the climate system 
(Berry et al., 2010; McAdam & Brodribb, 2011).  It accelerated the global water cycle 
and marked the beginning of the critical connection between vegetation and climate.  
Humans have made significant changes to the character of the vegetated surfaces, and 
further altering managed agroecosystems carries potential to further alter regional 
climate.  As a particularly infamous example, improper management of agricultural lands 
in the Midwestern U.S. exacerbated the infamous Dust Bowl of the 1930’s.  Improper 
management strategies such as large-scale removal of natural vegetation, large row 
spacing, and excessive soil disturbance led to catastrophic soil erosion (Baveye et al., 
2011).  Identification and modification of these agricultural practices were able to reverse 
the trend.  More recently, intensification of Midwestern U.S. agriculture has increased the 
humidity and lowered the air temperature of the region (Mueller et al., 2015).  Can 
vegetation again impact regional climate?  
Anthropogenic climate change is threatening every aspect of society.  As an 
attempt to slow its effects and adapt to the future, renewable energy is increasingly seen 
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as a part of a key strategy toward environmental sustainability.  Presently food crops 
provide most of the renewable energy in the U.S.  However, using food crops such as 
maize to produce ethanol adds pressure on the economics of food production.  
Furthermore, maize requires significant inputs of fertilizer, herbicides, and pesticides, all 
of which have known environmental risks.  Therefore, second-generation biofuel crops 
are being pursued to generate ethanol without the negative impacts to the economy or the 
environment.  Biofuel crops have been shown to have beneficial ecosystem services in 
terms of the carbon and water balance (Anderson-Teixeira et al., 2009; Foley, 2005; 
Hudiburg et al., 2014).  The question remains, however, whether these candidate 
perennial biofuel crops will affect the surface energy budget.  The focus of this thesis is 
to specifically address this question using empirical measurements and implementing 
what is learned into regional models.  This research fills a gap in knowledge related to 
land use change and surface energy balances and implements this knowledge into a state-
of-the-art biophysical ecosystem model.  The model is then used to present scenarios of 
land use change in the context of current and future climates.  
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1.3 Figures
 
 
 
  
Fig. 1.1:  Global annual mean energy budget (W m-2).  Source: Trenberth et al. 2009. 
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Fig. 1.2:  Global yields of major foodstuffs.  Closed circles indicate area-weighted 
observations.  Solid lines show future projections with shading for the 90% 
confidence interval.  The dashed line shows the increase in yield that is necessary in 
order to avoid converting more land to cultivation.  Source:  Ray et al. 2013. 
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Fig. 1.3:  Historical trends in decade-average world production of three major cereal 
crops.  Data from UN Food and Agricultural Organization.  Source: Long and Ort, 
2010. 
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CHAPTER 2: CANDIDATE PERENNIAL BIOENERGY GRASSES HAVE A 
HIGHER ALBEDO THAN ANNUAL ROW CROPS1 
2.1 Abstract 
The production of perennial cellulosic feedstocks for bioenergy presents the 
potential to diversify regional economies and the national energy supply, while also 
serving as climate ‘regulators’ due to a number of biogeochemical and biogeophysical 
differences relative to row crops.  Numerous observational and model based approaches 
have investigated biogeochemical tradeoffs, such as increased carbon sequestration and 
increased water use, associated with growing cellulosic feedstocks.  A less understood 
aspect is the biogeophysical changes associated with the difference in albedo (α), which 
could alter the local energy balance and cause local to regional cooling several times 
larger than that associated with offsetting carbon.  Here, we established paired fields of 
Miscanthus × giganteus (miscanthus) and Panicum virgatum (switchgrass), two of the 
leading perennial cellulosic feedstock candidates, and traditional annual row crops in the 
highly productive “Corn-belt”.  Our results show that miscanthus did and switchgrass did 
not have an overall higher α than current row crops but a strong seasonal pattern existed.  
Both perennials had consistently higher growing season α than row crops and winter α 
did not differ.  The lack of observed differences in winter α, however, masked an 
interaction between snow cover and species differences, with the perennial species, 
compared with the row crops, having a higher α when snow was absent and a much lower 
α when snow was present.  Overall, these changes resulted in an average net reduction in 
                                                 
1 The work in this chapter has been previously published. 
Miller, J. N., Vanloocke, A., Gomez-Casanovas, N., & Bernacchi, C. J. (2015). Candidate perennial 
bioenergy grasses have a higher albedo than annual row crops. GCB Bioenergy, 8(4), 818–825. 
http://doi.org/10.1111/gcbb.12291 
The copyright owner has provided permission to reprint. 
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annual absorbed energy of about 5 W/m2 for switchgrass and about 8 W/m2 for 
miscanthus relative to annual crops.  Therefore, the conversion from annual row to 
perennial crops alters the radiative balance of the surface via changes in α and could lead 
to regional cooling. 
 
2.2 Introduction 
A primary goal of bioenergy production is to reduce the emissions of carbon 
dioxide into the atmosphere (EPA, 2010).  Because of this focus on carbon, research has 
addressed the biogeochemical consequences of changing the landscape from traditional 
row crops to perennial biofuel feedstocks (Melillo et al., 2009; Zeri et al., 2011; 
Anderson-Teixeira et al., 2012; VanLoocke et al., 2012; Smith & Torn, 2013; Bagley et 
al., 2014).  Feedbacks associated with energy exchange between ecosystems and the 
atmosphere are strongly influenced by the type of land cover (Sellers et al., 1997).  Land 
use change from annual row crops to perennial biofuel crops can alter the land-
atmosphere exchange and strongly influence regional climate via changes to surface 
albedo (α), roughness length, and leaf area (e.g., Georgescu et al., 2009, 2011).  The 
biogeophysical effects associated with land use change to perennial biofuel crops remain 
uncertain and can be influenced by altered surface reflectivity and changes in the total 
energy and the partitioning of energy into sensible, latent and ground heat fluxes 
(Jørgensen, et al., 2014; Mahmood et al., 2014).  Energy partitioning at the land surface 
can strongly influence local and regional climate (Sellers et al., 1997), suggesting that 
altering the land surface for bioenergy production can have implications beyond carbon 
cycling.   
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Two perennial grass species, Miscanthus × giganteus (miscanthus) and Panicum 
virgatum (switchgrass) have been proposed as candidate cellulosic biofuel crops for the 
Midwestern United States (McLaughlin & Kszos, 2005; Heaton et al., 2008).  These 
species emerge before and senesce after the annual row crops, Zea mays (maize) and 
Glycine max (soybean), that currently dominate the Midwestern U.S. landscape.  Because 
vegetation has a higher α than soil, the longer growing season associated with the 
perennial grasses could lead to higher α during early spring and late fall when less soil is 
exposed relative to the row crops (Burba & Verma, 2001).  The presence or absence of 
vegetation is, however, only one of many land surface factors that can influence α 
(Pielke, 2001).  For example, the presence of snow cover, with an α that approaches 
unity, is an important determinant of α (Cherubini et al., 2012).  However, the presence 
of litter or standing biomass, with a relatively lower α, might intercept light before it 
reaches snow and alter the radiation balance of the surface (e.g., Twine et al., 2004; 
Kucharik et al., 2013).  Furthermore, perennial and annual crops are managed differently, 
with perennials fields usually left with standing biomass into the winter, which can 
provide more opportunities for masking snowfall in the perennial ecosystems compared 
to row crops that are typically harvested before winter starts.  Finally, differences in leaf 
properties can alter α among species.  For example, leaf area index (LAI) between crops 
could be similar but lower leaf nitrogen content of perennials relative to annuals (Nabity 
et al., 2012) could give perennials a higher α (Bartlett et al., 2011; Wicklein et al., 2012).  
Therefore, land-use change from annual to perennial species is likely to influence α.  
Several modeling studies have investigated the potential climate impact of 
altering α due to transitioning from annual row crops to perennial grasses (Lobell et al., 
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2006; Davis et al., 2009; Georgescu et al., 2009, 2011; Loarie et al., 2011; Bright et al., 
2012; Anderson et al., 2013; Bagley et al., 2014).  Model simulations of the conversion 
from annual row crops to bioenergy crops in the Midwestern U.S. predict a shift in 
energy partitioning and altered surface reflectivity, which together have a cooling effect 
that is several times stronger than the potential cooling that would result from reduced 
carbon emissions (Georgescu et al., 2011).  This cooling was modeled based on a small 
increase in α (< 0.02) over most of the study domain.  Similar results were obtained in 
another modeling study where perennial grasses replacing annual row crops were shown 
to reduce air temperatures and increase humidity (Anderson et al., 2013).  Observational 
studies addressing the impact of land use change on local climate are more limited, 
although satellite observations showed regional cooling in Brazil following large scale 
conversion from a cropland/pasture mosaic to sugarcane plantations (Loarie et al., 2011).  
These modeling and satellite-based studies, however, lack ground-based measurements of 
α over biofuel crops paired with measurements over existing agroecosystems for 
validation or calibration. 
The objective of this study is to quantify, through direct measurements at the land 
surface, the change in α associated with land conversion from traditional row crops 
(maize and soybean) to perennial feedstocks (miscanthus and switchgrass) over multiple 
years representing a wide range of climatic conditions.  From the α measurements, 
radiative forcing (RF) will be calculated to assess how potential changes in α can 
influence the surface energy balance.  In this study we test the predictions that (1) 
transitioning from annual crops to perennial grasses will increase annual α because 
perennials emerge before and senesce after soybean and maize and (2) differences in 
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management between crops, such as the length of time biomass is left standing in the 
field during winter, will alter the radiative properties of the surface, especially with 
regard to snowfall events.  Specifically, we predict that when snow cover is present, 
annuals, which are harvested before winter and have relatively little litter, will have a 
higher α than perennials, which are typically left standing through the winter and have 
high amounts of plant litter.  These predictions are tested with direct α measurements 
from multiple locations across central Illinois over maize, soybean, miscanthus and 
switchgrass fields over a five-year time period. 
 
2.3 Materials and Methods 
2.3.1 Site description 
The study was conducted at three locations in Central Illinois, located in the 
Midwest U.S. “Corn-belt”:  1) University of Illinois’ Energy Farm (UIEF) near 
Champaign, IL (40.064° N, 88.197° W), 2) University of Illinois South Farms/SoyFACE 
research facility (UISF) near Champaign, IL (40.042° N, 88.235° W), and 3) University 
of Illinois Dudley Smith Farms (UIDS) near Pana, IL (39.441° N, 89.121° W).  Typical 
of much of the Midwestern “Corn-belt”, the climate of these sites is highly seasonal, with 
monthly average temperatures in winter below 0 °C and above 20 °C in summer months 
(Zeri et al., 2011).  Experimental plots at UIEF (described in Zeri et al., 2011) consisted 
of 0.4 Ha plots of miscanthus, switchgrass, and a rotation sequence of maize (2008, 2009, 
2011, 2012) and soybean (2010).  The row crops were managed according to standard 
agricultural practices and the perennials with best-known practices (e.g., Zeri et al., 
2011).  Miscanthus and switchgrass at UIEF were established in 2008 and measurements 
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were collected from mid-2008 through 2012.  Experimental plots at UISF (described in 
Dohleman & Long, 2009) consisted of two 0.2 Ha miscanthus stands established in 2005 
with data collected from mid-2010 through 2012.  Experimental plots at UIDS (described 
in Prasifka et al., 2011) consisted of two 0.2 Ha plots each of miscanthus, switchgrass, 
and soybean.  The miscanthus and switchgrass plots at UIDS were established in 2005.  
Measurements from UISF and UIDS were collected from mid-2010 through 2012. 
 
2.3.2 Data collection and instrumentation 
At each site a full suite of meteorological data were measured at 10-second 
intervals and stored as 30-minute averages.  Incoming shortwave radiation (wavelengths 
310 to 2800 nm) was measured using either the up-facing pyranometer of a four-channel 
net radiometer (Model CNR1, Kipp and Zonen, Delft, The Netherlands) or an up-facing 
stand-alone pyranometer (Model CMP3, Kipp and Zonen, Delft, The Netherlands).  Each 
plot was equipped with a net radiometer (either a CNR 1 or CNR 2, Kipp and Zonen, 
Delft, The Netherlands).  All meteorological sensors within a plot were connected to a 
datalogger (CR1000 or CR3000, Campbell Scientific, Logan, UT, USA). 
 
2.3.3 Calculating albedo and radiative forcing 
Albedo (α) was calculated as the ratio of outgoing (reflected) shortwave radiation 
to incident shortwave radiation.  
𝛼 =
𝑠𝑤𝑜𝑢𝑡
𝑠𝑤𝑖𝑛
        Eq. 1 
where 𝑠𝑤𝑜𝑢𝑡 is the 30-minute average outgoing radiation and 𝑠𝑤𝑖𝑛 is the 30-minute 
average incoming radiation.  The UIDS and UISF instrumentation utilized two-channel 
 30 
net radiometers.  Therefore, an additional pyranometer (Model CMP3, Kipp and Zonen) 
was centrally located at each of these sites to provide 𝑠𝑤𝑖𝑛.  For these plots, α was 
calculated as: 
𝛼 =
𝑠𝑤𝑖𝑛−𝑠𝑤𝑛𝑒𝑡
𝑠𝑤𝑖𝑛
       Eq. 2 
Statistical analysis of α was limited to midday (10:00 to 14:00 Central Standard Time) 
values. 
The difference in RF between the perennials and annual row crops (ΔRF) was 
calculated from incoming solar radiation at each 30-minute time step multiplied by the 
difference in seasonal mean α between cellulosic crops and annual row crops: 
ΔRF = swin × Δα       Eq. 3 
where 𝑠𝑤𝑖𝑛 is the half-hourly averaged incident shortwave radiation received at each site 
from sunrise to sunset and Δα = αRowCrop – αCellulosicCrop, where α are midday values 
averaged across all years for the given season and crop.   
 
2.3.4 Data Analysis 
Data were analyzed using the SAS statistical software package (System 9.3, SAS 
Institute Inc., Cary, NC, USA).  Differences in annual, seasonal, and snow covered versus 
non-snow covered α were analyzed by mixed models analysis of variance using the 
MIXED procedure of SAS with year and crop as fixed effects.   
For the annual and seasonal analyses, the midday values of α were averaged for 
each day, and means for each plot were determined.  Statistics were performed on albedo 
with year as a random effect and the mean value for each plot as a replicate.  The 
growing season included from April through October (day of year 91 for regular years 
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and 92 for leap years through 304) and winter included all other days.  These seasons 
were defined based on previous measurements at the University of Illinois Energy Farm 
on the same species (Zeri et al., 2011) and were intended to compare these three 
ecosystems under similar time periods.  Predicted population margins for within-year 
differences were computed via a least squares means test.  For all tests the statistical 
significance was evaluated at p ≤ 0.1.  The analysis of snow covered and non-snow 
covered α was similar to the seasonal analysis described above except that daily-mean α 
data were used and the presence of snow cover was added as a main effect.  Seasonal α 
range is defined as the difference between the highest α and the lowest α that occurred 
across all years of study for the specified season. 
 
2.4 Results 
2.4.1 Miscanthus had higher α than traditional row crops but switchgrass differs neither 
from miscanthus nor the row crops 
The year by species interaction was not statistically significant but there was a 
statistically significant difference among crop type.  Over the course of the study, annual 
average α for miscanthus was higher than the row crops (p < 0.02), but the difference 
between switchgrass and row crops was not statistically different (Fig. 2.1a).  The 
observed response within each year followed a similar trend to that observed for the 
dataset as a whole.   
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2.4.2 The perennial grasses had higher α during the growing season relative to the row 
crops 
Over the course of the study, growing season mean α for the perennial grasses 
was consistently higher than for row crops and α for miscanthus was higher than for 
switchgrass (Fig. 2.1b).  This pattern is similar to the annual mean values (Fig. 2.1a) 
except that the differences between switchgrass and the other species were statistically 
significant, and the values were much lower (Fig. 2.1b).  In the early part of the growing 
season, from April through June, α of the perennials was in general much higher than 
annuals, but α for the annual row crops increased in July and August when these species 
have closed canopies (Fig. 2.2).   
 
2.4.3 Winter albedo did not differ among species, but the interaction of the species and 
snow cover showed large differences 
Averaged across the experiment as a whole, winter α for the species showed an 
opposite trend, although without statistically resolvable differences, than was observed 
during the growing season (Fig. 2.1c).  There was large variation in α from year-to-year.  
The mean season α in 2010 and 2011 were highest for switchgrass and the row crops, and 
in 2012 were the lowest for all species.   
Over the period of study and for all crops and years, days with snow had higher α 
than days without snow (Fig. 2.3).  However, the difference in α for snow vs. no-snow 
conditions showed opposite patterns of α when comparing the different species (Fig. 2.3).  
Mean α for perennial crops was higher than for row crops when snow was absent but 
substantially lower than for the row crops when snow was present (Fig. 2.3).   
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2.4.4 Species difference in α had a large impact on RF at the ground surface. 
Averaged across the whole year, the diurnal RF cycle was lower for the perennial 
grasses relative to the annual row crops with the greatest difference at midday (Fig. 2.4).  
The peak daily difference in annual-mean RF between the perennial grasses and the row 
crops was about 8 W/m2 for switchgrass and 15 W/m2 for miscanthus (Fig. 2.4).  The RF 
difference between the perennial grasses and row crops in the summer was twice that of 
the annual means (Fig. 2.4), although this was largely driven by higher incoming solar 
radiation during the summer (data not shown).  The mean annual RF calculated based on 
annual mean α differences and the annual mean incoming solar radiation resulted in a net 
reduction in absorbed energy of about 5 W/m2 for switchgrass and 8 W/m2 for 
miscanthus relative to annual crops (Fig. 2.4). 
 
2.5 Discussion  
This study tested the prediction that land surface α will shift as annual row crops 
transition to biofuel feedstocks.  Analysis of five years of direct α measurements 
indicates that the perennial biofuel crop miscanthus has an overall higher α than current 
annual crops, and while switchgrass did not differ from the other species there was a 
strong seasonal factor when comparing all species.  Perennials are shown to have 
consistently higher growing season α compared to annuals but not during the winter.  The 
results show that winter α, is influenced by an interaction between species and the 
presence of snow.  Analysis of data collected in the absence of snow shows relatively 
similar results as observed during the growing season but when snow is present it is 
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obscured by standing biomass and presence of litter within the perennial grasses.  The 
results show that, while agricultural ecosystems do not necessarily represent a strong 
ability to ameliorate anthropogenic climate change (Anderson-Teixeira et al., 2012), 
large-scale planting of perennial grasses as feedstocks for renewable energy can have a 
net annual effect of cooling the terrestrial surface by reflecting more shortwave radiation 
back to space compared to annual row crops, but interactions with climatic conditions can 
cause this response to reverse. 
Overall, the annual mean α for all crops in this study ranged between 0.202 and 
0.222 (Fig. 2.1a), which is comparable to previously reported α values for grasses and 
row crops (Kuhn & Suomi, 1958; Fritschen, 1967; Robock, 1980; Betts & Ball, 1997; 
Krishnan et al., 2012).  For example, maize α has been reported between 0.16 and 0.22 
(Campbell & Norman, 1998).  Our row crop annual mean α measurements fall closer to 
the upper end of previously reported values.  This is possibly due to the higher LAI of 
modern, densely planted, crop varieties (e.g., Duvick, 2005; Sacks & Kucharik, 2011) 
compared to those in older studies.  Albedo in unmanaged grass ecosystems has been 
reported between 0.24 and 0.26 (Campbell & Norman, 1998), which would place our 
measurements of perennial annual mean α nearer the low end.  As the perennial grasses 
in our study were in a managed agricultural field, instead of unmanaged grasslands, the 
perennial α can be expected to be intermediate between natural grasslands and managed 
agriculture.  
From our direct observations, miscanthus had the highest growing season mean α 
of the crops studied, followed by switchgrass, then the row crops (Fig. 2.1b).  The pattern 
of α ranking between crops was consistent across all years of study and inter-annual 
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variation was small.  Differences in growing season α between crops are most likely due 
to differences in LAI, which, for agricultural crops, is influenced by planting density, 
plant morphology, and canopy architecture (Campbell & Norman, 1998), as well as 
phenology.  Early in the growing season, the differences among species were maximal, 
with the perennial grasses having consistently higher α (Fig. 2.2).  At the peak of the 
growing season (August, September), however, all crops had closed and generally 
homogeneous canopies with high LAI (Zeri et al., 2011) so that light interception by the 
canopy was nearly 100% and differences in α between crops were reduced.  Early in the 
growing season, however, miscanthus and switchgrass had higher α than the row crops, 
converging with the row crops by July until the end of the growing season (Fig. 2.2).  An 
α saturation point was likely reached with respect to LAI (Bsaibes et al., 2009; Zhao et 
al., 2012), whereby further increases in LAI, from year-to-year stand development 
changes for example, do not change α.  In the early part of the growing season (May and 
June), however, row crops had lower LAI (Zeri et al., 2011) and α than perennial crops 
due to their later planting (Table 2.1) and their necessity to start from seed rather than 
from rhizomes that overwintered belowground.   
The radiative balance of ecosystems is susceptible to drought conditions and other 
environmental stresses that are manifested as reductions in LAI and lowered α (Wanjura 
& Hatfield, 1988; Burba & Verma, 2001).  Due to their deep-rooting nature, perennial 
species tend to be more resilient to drought stress than row crops (Hamilton et al., 1999; 
Heaton et al., 2008b; Propheter et al., 2010).  This study occurred over a severe drought 
that began developing in the Midwestern U.S. during 2011 and reached its apex in 2012 
(Karl et al., 2012; Mallya et al., 2013).  Growing season measurements of α during 2012 
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were slightly lower than values observed in the preceding year (Fig. 2.1b).  During the 
drought, there was significant observable damage to maize and a reduced LAI during the 
second half of the growing season (Joo et al., 2016), which likely contributed to the 
decrease in α relative to previous years (Karl et al., 2012).  The impact of the drought on 
LAI was minimal in the perennial crops (Joo et al., 2016).   
Despite the absence of green vegetation present outside of the growing season, α 
was influenced by ecosystem- and management-related factors on each vegetation type.   
Although differences in winter mean α between crops were not resolvable due to high 
interannual variability, row crops had slightly higher α than the perennials, and 
switchgrass α was slightly higher than miscanthus (Fig. 2.1c).  It is likely that these 
results alone mask the influence of the interaction between plant litter and snow cover.  
Annual row crops are typically harvested in autumn, before the first snowfall, while 
perennials often remain standing throughout the winter.  Even after harvest, perennial 
ecosystem have a much larger litter layer due to both leaf fall and a lack of tillage.  In 
annual row crop fields, snowfall can easily blanket the litter layer and the soil, providing 
a specular surface from which sunlight is reflected.  As predicted, row crops exhibited a 
dramatic increase in α during periods with snow cover (Fig. 2.3).  In perennial crop fields 
with standing biomass, however, the snow settles down between the stalks and rarely 
covers the entire plant.  This resulted in a more moderate increase in α with snowfall and 
a muted annual min-max range of α for perennial biofuel crops relative to annual crops.  
Years with less snowfall resulted in all crops having lower winter α and less dramatic 
changes between seasons, suggesting that snow depth, in addition to the presence of 
snow, is a factor in the interaction between species and albedo.  As climate change is 
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predicted to alter precipitation patterns (Wuebbles & Hayhoe, 2004; Andresen et al., 
2013), the snow effect on α with increasing transition to perennial grasses is uncertain.  
While most of the Midwestern U.S. is expected to see less snow cover with increasing 
temperature, some regions, such as downwind of the Great Lakes, might see increased 
snowfall (Kunkel et al., 2002; Burnett et al., 2003; Andresen et al., 2013).  The α-related 
climate forcing from planting perennials could be either magnified or muted, depending 
on whether snow decreases or increases, respectively.  In regions that do not receive 
regular snowfall, perennial grasses are likely to maintain higher albedo over the whole 
year, similar to observations from during the growing season. 
The timing of harvest and the depth of snow might determine when perennials 
will change from a regime of relatively constant α into its more variable, snow dependent 
winter regime.  It is likely that, over mid-latitude agricultural areas, the longer duration in 
which perennials remain standing during winter months will lower α and a moderated 
difference between snow and non-snow covered α will be observed.  Further research 
should aim to better quantify the effect of harvest timing and/or snow depth on α, 
especially in regions susceptible to snowfall, and how this might affect regional energy 
balance. 
The observed differences in α associated with the different crops are likely to 
have a profound influence on the surface energy budget.  In this study, the plot sizes were 
relatively small, so the effect of varying albedos on meteorological conditions such as air 
temperature and relative humidity could not be resolved.  However, even minor 
differences in α can have a profound influence on local and regional conditions (Charney 
et al., 1977; Betts, 2000; Lobell et al., 2006; Meng et al., 2014).  Here, we calculated the 
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predicted change in radiative forcing (RF) at the ground surface that corresponded to a 
change in α from the annual row crops to the perennial grasses.  In terms of the surface 
energy balance, changing a landscape from annual row crops to miscanthus, overall, 
resulted in a negative RF of about 8 W/m2 and to switchgrass of about 5 W/m2 (Fig. 2.4).  
This decrease is likely to have a local cooling effect, and based on model predictions, can 
have a significant impact on mean growing season temperatures (Copeland et al., 1996; 
Bonan, 1997; Twine et al., 2004; Georgescu et al., 2009, 2011; Mahmood et al., 2014).  
Our results show a difference in both annual mean and growing season mean α between 
row crops and perennials greater than the assumed α changes used in previous studies 
(e.g. Lobell et al., 2006; Georgescu et al., 2009, 2011).  Therefore, the temperature effect 
that can be expected based on our measurements is likely near the upper end of published 
estimates of surface cooling of 0.9 °C. 
There was strong seasonality associated with the effect on RF, ranging from 4 
W/m2 increase during the winter and up to a 27 W/m2 decrease during the growing 
season for the perennial grasses relative to the row crops.  In terms of peak maximum 
solar radiation (~1000 W/m2), the range of values are relatively small but in terms of the 
RF associated with anthropogenic increases in greenhouse gases (ca 2 W/m2; IPCC, 
2013) these values are quite large.  While the impact of these changes on α are unlikely to 
have a major impact on global RF, an expanding bioenergy agricultural sector relying 
increasingly on perennial grasses is likely to drive local and regional changes, which can 
potentially vary with season and meteorological conditions (e.g., Bagley et al., 2015). 
Albedo is a critical land surface parameter that affects the partitioning of the 
energy received at the surface.  Therefore, it must be considered when evaluating the 
 39 
sustainability of potential bioenergy cropping systems (Hess et al., 2003; Carroll & 
Somerville, 2009; Haberl et al., 2010; Jørgensen et al., 2014).  The biogeophysical effects 
stemming from α differences must be weighed alongside the biogeochemical effects 
associated with greenhouse gas offsets from using cellulosic-derived ethanol.  Here, we 
observed that miscanthus crops have higher overall α than annual row crops, which is 
consistent with previous model-based predictions (e.g., Georgescu et al., 2009, 2011) and 
that a strong seasonal pattern existed for all crops.  However, α represents only one 
biogeophysical effect.  In particular, widespread planting of perennial biofuel crops, 
which tend to have substantial above-ground biomass and deeper roots that sustain 
transpiration rates longer than annual crops, would likely alter the hydrologic balance of 
the region, and have been addressed previously (Lobell et al., 2006; Georgescu et al., 
2009, 2011; Vanloocke et al., 2010, 2012; Zeri et al., 2011; Anderson-Teixeira et al., 
2012; Anderson et al., 2013).  Increased latent heat flux associated with perennial grasses 
relative to row crops could add to the regional cooling caused by higher α while 
accelerating the cycling of moisture from the land to the atmosphere, which would have 
downstream effects on precipitation patterns (Bagley et al., 2012).  The net 
biogeophysical impact of large-scale biofuel related land use change, therefore, requires 
additional investigation to form a more complete picture of the conversion of land area 
away from annual row crops and to perennial biofuel crops. 
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2.6 Table and Figures 
Table 2.1:  Management Dates. 
  
Miscanthus Giganteus 
 
Maize-Maize-Soybean 
 
Panicum Virgatum1 
Location Year Planted Harvested 
 
Crop Planted Harvested Tilled 
 
Planted Harvested 
UIEF 2008 Jun 2-16 - 
 
Maize May 6 Oct 28 Oct 29 
 
May 28 -1 
 
2009 May 21-27 - 
 
Maize May 12 Nov 3 Nov 12 
 
- - 
 
2010 Apr 19-21 Mar 19 
 
Soy May 25 Oct 12 Not tilled 
 
- Mar 19, Nov 19 
 
2011 - Mar 19 
 
Maize May 12 Oct 6 Oct 11 
 
- Dec 12 
 
2012 - Jan 10 
 
Maize May 14 Sep 20 < Oct 4 
 
- Nov 28 
            UIDS 2010 2005 -2 
 
Soy Jun 1 Oct 153 Nov 233 
 
2005 -2 
 
2011 
 
Mar 31 
 
Soy May 19 Nov 1 Nov 2 
  
Mar 31 
 
2012 
 
Mar 27 
 
Soy May 19 Oct 4 Nov 9 
  
Mar 27 
            UISF 2010 2005 -2 
 
- - - - 
 
- - 
 
2011 
 
Mar 21 
 
- - - - 
 
- - 
 
2012 
 
Jan 14 
 
- - - -   - - 
1Mowed on June 30, July 17, and September 4 in 2008 to assist with establishment 
2Harvested in spring before the start of the experiment 
3Manually harvested and tilled 
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Fig. 2.1:  Annual mean albedo (y-axes, unitless) for miscanthus (white bars), switchgrass (gray 
bars), and row crops (black bars) averaged across the entire year (a), the growing season (b), and 
winter (c).  Error bars represent 1±SE.  Groupings of different letters indicate statistical 
differences evaluated at p ≤ 0.1. 
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Fig. 2.2:  Monthly average albedo (y-axes, unitless) for miscanthus (white bars), switchgrass 
(gray bars), and row crops (black bars) averaged across the entire study.  Error bars represent 
1±SE.  Groupings of different letters indicate statistical differences within each month evaluated 
at p ≤ 0.1. 
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Fig. 2.3:  Mean albedo (y-axis; unitless) for miscanthus (white bars), switchgrass (gray bars), 
and row crops (black bars) averaged across winter days without snow (solid bars) and winter 
days with snow (hatched bars).  Error bars represent 1±SE.  Groupings of different letters 
indicate statistical differences evaluated at p ≤ 0.1.  Analyzed separately for each year, upper 
case letters compare the response of different crops to periods of snow cover and lower case 
letters compare the response of different crops to periods without snow cover. 
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Fig. 2.4:  The diurnal radiative forcing (RF) of row crops compared to the perennial crops 
switchgrass (top) and miscanthus (bottom), averaged across all sites and years for summer 
(triangles), winter (squares), and the whole year (circles).  Daily mean values are also shown for 
each of the above (filled symbols). Each point represents a 30-min average across all years of the 
experiment.  Error bars represent 1±SE.  Standard error values are smaller than symbols used for 
means. 
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Fig. 2.5:  The perennial crops switchgrass (foreground) and miscanthus (background) that are 
discussed in this study. 
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Fig. 2.6:  In the winter the difference in albedo between perennials (background) and harvested 
annual crops (foreground) is greater in the presence of snow (right) than in the absence of snow 
(left).  
 47 
2.7 References 
Anderson, C. J., Anex, R. P., Arritt, R. W., Gelder, B. K., Khanal, S., Herzmann, D. E., & 
Gassman, P. W. (2013). Regional climate impacts of a biofuels policy projection. 
Geophysical Research Letters, 40(6), 1217-1222. 
Anderson-Teixeira, K. J., Snyder, P. K., Twine, T. E., Cuadra, S. V., Costa, M. H., & DeLucia, 
E. H. (2012). Climate-regulation services of natural and agricultural ecoregions of the 
Americas. Nature Climate Change, 2(3), 177-181. 
Andresen, J.A., S.D. Hilberg, and K.E. Kunkel. (2013). Historical climate and climate trends in 
the Midwestern United States. In: Climate Change in the Midwest: A Synthesis Report for the 
National Climate Assessment, (eds J.A. Winkler, J.A. Andresen, J.L. Hatfield, D. Bidwell, 
and D. Brown), pp. 8-36, Island Press, USA. 
Bagley, J. E., Davis, S. C., Georgescu, M., et al. (2014). The biophysical link between climate, 
water, and vegetation in bioenergy agro-ecosystems. Biomass and Bioenergy, 71, 187-201. 
Bagley, J. E., Desai, A. R., Dirmeyer, P. A., & Foley, J. A. (2012). Effects of land cover change 
on moisture availability and potential crop yield in the world’s breadbaskets. Environmental 
Research Letters, 7(1), 014009. 
Bagley, J. E., Miller, J., & Bernacchi, C. J. (2015). Biophysical impacts of climate-smart 
agriculture in the Midwest United States. Plant, Cell & Environment, 38(9), 1913–1930. 
http://doi.org/10.1111/pce.12485 
Bartlett, M. K., Ollinger, S. V., Hollinger, D. Y., Wicklein, H. F., & Richardson, A. D. (2011). 
Canopy-scale relationships between foliar nitrogen and albedo are not observed in leaf 
reflectance and transmittance within temperate deciduous tree species. Botany, 89(7), 491-
497. 
 48 
Betts, A. K., & Ball, J. H. (1997). Albedo over the boreal forest. Journal of Geophysical 
Research: Atmospheres (1984–2012), 102(D24), 28901-28909. 
Betts, R. A. (2000). Offset of the potential carbon sink from boreal forestation by decreases in 
surface albedo. Nature, 408(6809), 187-190. 
Bonan, G. B. (1997). Effects of land use on the climate of the United States. Climatic Change, 
37(3), 449-486. 
Bright, R. M., Cherubini, F., & Strømman, A. H. (2012). Environmental Impact Assessment 
Review. Environmental Impact Assessment Review, 37(C), 2–11. 
Bsaibes, A., Courault, D., Baret, F., et al. (2009). Albedo and LAI estimates from FORMOSAT-
2 data for crop monitoring. Remote sensing of environment, 113(4), 716-729. 
Burba, G. G., & Verma, S. B. (2001). Prairie growth, PAR albedo and seasonal distribution of 
energy fluxes. Agricultural and Forest Meteorology, 107(3), 227-240.  
Burnett, A. W., Kirby, M. E., Mullins, H. T., & Patterson, W. P. (2003). Increasing Great Lake-
effect snowfall during the twentieth century: a regional response to global warming?. Journal 
of Climate, 16(21), 3535-3542. 
Campbell, G. S., & Norman, J. M. (1998). An introduction to environmental biophysics. 2nd edn. 
Springer-Verlag, New York. 
Carroll, A., & Somerville, C. (2009). Cellulosic Biofuels. Annual Review of Plant Biology, 60(1), 
165-182. 
Charney, J., Quirk, W. J., Chow, S. H., & Kornfield, J. (1977). A comparative study of the 
effects of albedo change on drought in semi-arid regions. Journal of the Atmospheric 
Sciences, 34(9), 1366-1385. 
 49 
Cherubini, F., Bright, R. M., & Strømman, A. H. (2012). Site-specific global warming potentials 
of biogenic CO2 for bioenergy: contributions from carbon fluxes and albedo dynamics. 
Environmental Research Letters, 7(4), 045902. 
Copeland, J. H., Pielke, R. A., & Kittel, T. G. (1996). Potential climatic impacts of vegetation 
change: A regional modeling study. Journal of Geophysical Research: Atmospheres (1984–
2012), 101(D3), 7409-7418. 
Davis, S. C., Anderson-Teixeira, K. J., & DeLucia, E. H. (2009). Life-cycle analysis and the 
ecology of biofuels. Trends in Plant Science, 14(3), 140–146. 
Dohleman, F. G., & Long, S. P. (2009). More productive than maize in the Midwest: how does 
Miscanthus do it?. Plant Physiology, 150(4), 2104-2115. 
Duvick, D. N. (2005). The contribution of breeding to yield advances in maize (Zea mays L.). 
Advances in agronomy, 86, 83-145. 
EPA, 2010. Renewable Fuel Standard Program: (RFS2) Regulatory Impact Analysis EPA-420-
R-10-006, February 2010. <http://www.epa.gov/otaq/ renewablefuels/index.htm. 
Fritschen, L. J. (1967). Net and solar radiation relations over irrigated field crops. Agricultural 
Meteorology, 4(1), 55-62. 
Georgescu, M., Lobell, D. B., & Field, C. B. (2009). Potential impact of US biofuels on regional 
climate. Geophysical Research Letters, 36(21). 
Georgescu, M., Lobell, D., & Field, C. (2011). Direct climate effects of perennial bioenergy 
crops in the United States. Proceedings of the National Academy of Sciences, 108, 4307-
4312. 
 50 
Haberl, H., Beringer, T., Bhattacharya, S. C., Erb, K. H., & Hoogwijk, M. (2010). The global 
technical potential of bio-energy in 2050 considering sustainability constraints. Current 
Opinion in Environmental Sustainability, 2(5), 394-403. 
Hamilton, J. G., Holzapfel, C., & Mahall, B. E. (1999). Coexistence and interference between a 
native perennial grass and non-native annual grasses in California. Oecologia, 121(4), 518-
526. 
Heaton, E. A., Dohleman, F. G., & Long, S. P. (2008). Meeting US biofuel goals with less land: 
the potential of Miscanthus. Global Change Biology, 14(9). 
Heaton, E. A., Flavell, R. B., Mascia, P. N., Thomas, S. R., Dohleman, F. G., & Long, S. P. 
(2008). Herbaceous energy crop development: recent progress and future prospects. Current 
Opinion in Biotechnology, 19(3), 202-209. 
Hess, J. R., Foust, T. D., Hoskinson, R., & Thompson, D. (2003). Roadmap for agriculture 
biomass feedstock supply in the United States (No. DOE/NE-ID-11129). Department of 
Energy (DOE). 
Jørgensen, S. V., Cherubini, F., & Michelsen, O. (2014). Biogenic CO2 fluxes, changes in 
surface albedo and biodiversity impacts from establishment of a miscanthus plantation. 
Journal of environmental management, 146, 346-354. 
Karl, T. R., Gleason, B. E., Menne, M. J., et al. (2012). US temperature and drought: Recent 
anomalies and trends. Eos, Transactions American Geophysical Union, 93(47), 473-474. 
Krishnan, P., Meyers, T. P., Scott, R. L., Kennedy, L., & Heuer, M. (2012). Energy exchange 
and evapotranspiration over two temperate semi-arid grasslands in North America. 
Agricultural and Forest Meteorology, 153, 31-44. 
 51 
Kucharik, C. J., VanLoocke, A., Lenters, J. D., & Motew, M. M. (2013). Miscanthus 
Establishment and Overwintering in the Midwest USA: A Regional Modeling Study of Crop 
Residue Management on Critical Minimum Soil Temperatures. PloS one, 8(7), e68847. 
Kuhn, P. M., & Suomi, V. E. (1958). Airborne observations of albedo with a beam reflector. 
Journal of Meteorology, 15(2), 172-174. 
Kunkel, K. E., Westcott, N. E., & Kristovich, D. A. (2002). Assessment of potential effects of 
climate change on heavy lake-effect snowstorms near Lake Erie. Journal of Great Lakes 
Research, 28(4), 521-536. 
Loarie, S. R., Lobell, D. B., Asner, G. P., Mu, Q., & Field, C. B. (2011). Direct impacts on local 
climate of sugar-cane expansion in Brazil. Nature Climate Change, 1(2), 105-109. 
Lobell, D. B., Bala, G., & Duffy, P. B. (2006). Biogeophysical impacts of cropland management 
changes on climate. Geophysical Research Letters, 33(6). 
Mahmood, R., Pielke, R. A., Hubbard, K. G., et al. (2014). Land cover changes and their 
biogeophysical effects on climate. International Journal of Climatology, 34(4), 929-953. 
Mallya, G., Zhao, L., Song, X. C., Niyogi, D., & Govindaraju, R. S. (2013). 2012 midwest 
drought in the United States. Journal of Hydrologic Engineering, 18(7), 737-745. 
McLaughlin, S. B., & Kszos, L. A. (2005). Development of switchgrass (Panicum virgatum) as a 
bioenergy feedstock in the United States. Biomass and Bioenergy, 28(6), 515-535. 
Melillo, J. M., Reilly, J. M., Kicklighter, D. W., et al. (2009). Indirect emissions from biofuels: 
how important?. Science, 326(5958), 1397-1399. 
Meng, X. H., Evans, J. P., & McCabe, M. F. (2014). The influence of inter-annually varying 
albedo on regional climate and drought. Climate dynamics, 42(3-4), 787-803. 
 52 
Nabity, P. D., Orpet, R., Miresmailli, S., Berenbaum, M. R., & Delucia, E. H. (2012). Silica and 
nitrogen modulate physical defense against chewing insect herbivores in bioenergy crops 
miscanthus×giganteus and Panicum virgatum (Poaceae). Journal of economic entomology, 
105(3), 878-883. 
Pielke, R. A. (2001). Influence of the spatial distribution of vegetation and soils on the prediction 
of cumulus convective rainfall. Reviews of Geophysics, 39(2), 151-177. 
Prasifka, J. R., Buhay, J. E., Sappington, T. W., Heaton, E. A., Bradshaw, J. D., & Gray, M. E. 
(2011). Stem-boring caterpillars of switchgrass in the midwestern United States. Annals of 
the Entomological Society of America, 104(3), 507-514. 
Propheter, J. L., Staggenborg, S. A., Wu, X., & Wang, D. (2010). Performance of annual and 
perennial biofuel crops: yield during the first two years. Agronomy Journal, 102(2), 806-814. 
Robock, A. (1980). The seasonal cycle of snow cover, sea ice and surface albedo. Monthly 
Weather Review, 108(3), 267-285. 
Sacks, W. J., & Kucharik, C. J. (2011). Crop management and phenology trends in the US Corn 
Belt: impacts on yields, evapotranspiration and energy balance. Agricultural and Forest 
Meteorology, 151(7), 882-894. 
Sellers, P. J., Dickinson, R. E., Randall, D. A., et al. (1997). Modeling the exchanges of energy, 
water, and carbon between continents and the atmosphere. Science, 275(5299), 502-509. 
Smith, L. J., & Torn, M. S. (2013). Ecological limits to terrestrial biological carbon dioxide 
removal. Climatic Change, 118(1), 89-103. 
IPCC (2013). Technical Summary. In: Climate Change 2013: The Physical Science Basis. 
Contribution of Working Group I to the Fifth Assessment Report of the Intergovernmental 
Panel on Climate Change [Stocker, T.F., D. Qin, G.-K. Plattner, M. Tignor, S.K. Allen, J. 
 53 
Boschung, A. Nauels, Y. Xia, V. Bex and P.M. Midgley (eds.)]. Cambridge University Press, 
Cambridge, United Kingdom and New York, NY, USA, pp. 33–115, doi:10.1017/ 
CBO9781107415324.005.  
Twine, T. E., Kucharik, C. J., & Foley, J. A. (2004). Effects of land cover change on the energy 
and water balance of the Mississippi River basin. Journal of Hydrometeorology, 5(4), 640-
655. 
Vanloocke, A., Bernacchi, C. J., & Twine, T. E. (2010). The impacts of Miscanthus× giganteus 
production on the Midwest US hydrologic cycle. GCB Bioenergy, 2(4), 180-191.  
VanLoocke, A., Twine, T. E., Zeri, M., & Bernacchi, C. J. (2012). A regional comparison of 
water use efficiency for miscanthus, switchgrass and maize. Agricultural and Forest 
Meteorology, 164, 82-95.  
Wanjura, D. F., & Hatfield, J. L. (1988). Vegetative and optical characteristics of four-row crop 
canopies. International Journal of Remote Sensing, 9(2), 249-258. 
Wicklein, H. F., Ollinger, S. V., Martin, M. E., et al. (2012). Variation in foliar nitrogen and 
albedo in response to nitrogen fertilization and elevated CO2. Oecologia, 169(4), 915-925. 
Wuebbles, D. J., & Hayhoe, K. (2004). Climate change projections for the United States 
Midwest. Mitigation and Adaptation Strategies for Global Change, 9(4), 335-363. 
Zeri, M., Anderson-Teixeira, K., Hickman, G., Masters, M., DeLucia, E., & Bernacchi, C. J. 
(2011). Carbon exchange by establishing biofuel crops in Central Illinois. Agriculture, 
Ecosystems & Environment, 144(1), 319-329. 
Zhao, J., Lia, J., Liua, Q., & Yanga, L. (2012). A preliminary study on mechanism of LAI 
inversion saturation. International Archives of the Photogrammetry, Remote Sensing and 
Spatial Information Sciences, 39, B1. 
 54 
CHAPTER 3: BIOPHYSICAL IMPACTS OF CLIMATE-SMART AGRICULTURE IN 
THE MIDWEST UNITED STATES2 
3.1 Authorship 
 The research presented in this chapter has previously been published in Bagley, J. E., 
Miller, J., & Bernacchi, C. J. (2015). Biophysical impacts of climate-smart agriculture in 
the Midwest United States. Plant, Cell & Environment, 38(9), 1913–1930. 
http://doi.org/10.1111/pce.12485.  All authors contributed to the research, with Miller 
conducting the albedo field observations as well as updated measurements of brown and green 
leaf transmittance, reflectance, and absorption of NIR and PAR.  Bagley prepared the 
NARCCAP data and conducted the Agro-IBIS model simulations.  Each author contributed to 
writing with Miller and Bagley doing the majority of the writing on their respective experiments. 
 
 
3.2 Abstract 
The potential impacts of climate change in the Midwest United States present 
unprecedented challenges to regional agriculture. In response to these challenges, a variety of 
climate-smart agricultural methodologies have been proposed to retain or improve crop yields, 
reduce agricultural greenhouse gas emissions, retain soil quality, and increase climate resilience 
of agricultural systems. One component that is commonly neglected when assessing the 
environmental impacts of climate-smart agriculture is the biophysical impacts, where changes in 
ecosystem fluxes and storage of moisture and energy lead to perturbations in local climate and 
water availability.  
                                                 
2 The work in this chapter has been previously published.   
Bagley, J. E., Miller, J., & Bernacchi, C. J. (2015). Biophysical impacts of climate-smart agriculture in the Midwest 
United States. Plant, Cell & Environment, 38(9), 1913–1930. http://doi.org/10.1111/pce.12485 
The copyright owner has provided permission to reprint. 
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Using a combination of observational data and an agroecosystem model a series of 
climate-smart agricultural scenarios were assessed to determine the biophysical impacts these 
techniques have in the Midwest US. The first scenario extended the growing season for existing 
crops using future temperature and CO2 concentrations. The second scenario examined the 
biophysical impacts of no-till agriculture and the impacts of annually retaining crop debris. 
Finally, the third scenario evaluated the potential impacts that the adoption of perennial cultivars 
had on biophysical quantities. Each of these scenarios was found to have significant biophysical 
impacts. However, the timing and magnitude of the biophysical impacts differed between 
scenarios. 
 
 
3.3 Introduction 
In the 21st century agriculture must surmount unprecedented challenges. In addition to 
improving food supply to the one billion people currently malnourished, agriculture must meet 
new demand from growing population, changing diet, and competition for agricultural products 
from bioenergy production. Meanwhile there is high confidence that climate change will impact 
crop production in many parts of the world (IPCC, 2014). The influence of climate change on 
agriculture is spatially variable with some gains in agricultural output due to lengthening of the 
growing season, carbon fertilization effects, and the poleward expansion of viable croplands (e.g. 
Kucharik & Serbin, 2008; Deryng et al., 2010; Hatfield et al., 2011 Rosenzweig et al., 2013). 
However, many studies have found climate change to have a negative impact on aggregated 
global crop yields (e.g. Shlenker & Roberts, 2009; Lobell & Gourdji, 2012; Ruiz-Vera et al., 
2013; Challinor et al., 2014). Rising mean temperatures, increased variability in precipitation, 
heat waves, extreme temperatures, and increased atmospheric demand for soil moisture largely 
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drive these negative impacts, although changes in surface ozone concentration, disease, and pests 
are also likely to contribute (Hatfield et al., 2011; Betzelberger et al., 2012; VanLoocke et al., 
2012a; Challinor et al., 2014). 
While agriculture responds to changes in climate, it also influences climate through 
biogeochemical processes. At the global-scale, agriculture directly generates approximately 10-
12% of global greenhouse gas (GHG) emissions, and is the main source of CH4 (~47% of global 
emissions) and N2O (~52% of global emissions) to the atmosphere (Smith et al., 2007). There are 
a variety of agricultural processes that contribute to GHG emissions including biomass burning, 
enteric fermentation, nitrogen fertilization, manure management, and agronomical practices that 
release carbon from disturbed soil. Coupled with the negative impacts of climate change, 
concerns of agricultural GHG emissions have led to the emerging paradigm of climate-smart 
agriculture, which aims to develop agronomical practices that mitigate negative impacts of 
climate change on agriculture, strengthen global food distribution, and reduce agricultural GHG 
emissions (FAO, 2013).  
 In the Midwestern United States rich soil, climate amenable to crop production, and 
application of advanced technology contribute to the agricultural value of the region, and led to 
the US corn belt being the most photosynthetically productive region on earth during the peak of 
its growing season (Guanter et al., 2014). The region’s crops are a key component of the global 
food system, and bioenergy from the region (primarily in the form of corn ethanol) has recently 
become a significant component of the US’s energy portfolio as well. In this region of the United 
States a variety of climate-smart agricultural techniques have been proposed to improve crop 
yields, retain soil quality, and mitigate carbon emissions in future climates. Some of the more 
prominent potential adaptations include developing crop varieties that take advantage of early 
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planting dates and extended growing season, adopting agronomical techniques such as no-till 
agriculture to reduce soil emissions and retain soil moisture, and replacing corn ethanol with 
lignocellulosic perennial grass-based bioenergy agroecosystems that have increased climate 
mitigation potential, reduced drought sensitivity, and low fertilization requirements (Southworth 
et al., 2000; Hollinger et al., 2005; Robertson et al., 2008; Davis et al., 2012.; Gelfand et al., 
2013; Zeri et al., 2013) However, due to the importance of the land for global food production, 
US energy demand, carbon mitigation potential, and local economy, understanding the 
environmental impacts of adopting climate-smart agricultural techniques is a necessity. 
One aspect of environmental impacts and climate mitigation potential that has been 
commonly neglected in assessments of climate-smart agriculture is the role of biophysical 
processes (Davin and Noblet-Ducoudré 2010). Biophysical processes influence local and 
regional climate when changes in land use and land management perturb surface fluxes of energy 
and moisture by shifting local albedo, evapotranspiration, and surface energy partitioning (Foley 
et al., 2003). For some ecosystems it has been shown that biophysical impacts of land cover 
change can equal or exceed the biogeochemical climate impacts from GHG release or 
sequestration (Davin and Noblet-Ducoudré, 2010; Georgescu et al., 2011; Zeri et al., 2011; 
Anderson-Texiera et al., 2012). The biophysical climate impacts of major ecosystems have been 
studied extensively in recent years (e.g. Loarie et al., 2011; Betts et al., 2013; Bagley et al., 
2014). However, with the exception of irrigation (Sacks et al., 2009; Harding et al., 2012; Qian et 
al., 2013), management practices that do not lead to major changes in vegetative cover have 
received far less attention, and the extent of biophysical impacts from changing land 
management are just beginning to be understood. Recently, Luyssaert et al. (2014) used a 
combination of MODIS satellite observations, FLUXNET paired eddy covariance sites, and a 
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boundary layer model to show that management practices can have a biophysical impact on 
surface temperature similar in magnitude to effects associated with land cover change. 
Additionally, the growing-season biophysical impacts of Midwest US perennial bioenergy crops 
have begun to be assessed using a mesoscale atmospheric model by Georgescu et al. (2009, 
2011) and Anderson et al. (2013). However, these studies primarily focused on growing-season 
impacts and were limited by simplistic representations of vegetation. 
This study examined the biophysical impacts of several climate-smart management 
practices that have been proposed to improve the Midwestern United States’ resiliency to climate 
change, mitigate regional emissions, and retain or improve regional crop yields. This was done 
using a combination of observations, and the Agro-IBIS mechanistic agro-ecosystem model. 
Specifically, several key questions were addressed: 
• What are the biophysical impacts of using maize cultivars designed to take 
advantage of extended growing seasons due to climate change? 
• How does no-till agriculture and the retention of crop debris influence net 
radiation and surface fluxes of energy and moisture? 
• How could the adoption of perennial crops change the surface energy balance and 
local climate through biophysical processes? 
To address these questions a series of scenarios were analyzed under current and future climate 
conditions. The timing of crop emergence and harvest were highlighted as these events can 
drastically alter the landscape on short timescales leading to immediate biophysical changes in 
surface albedo and energy partitioning, particularly in the presence of snow events. 
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3.4 Models and Methods 
3.4.1 Observational Data 
Albedo data were collected from three locations in central Illinois. The first location was 
the University of Illinois’ Energy Farm (UIEF) near Champaign, IL (40.064 N, 88.197 W). 
Measurements here were collected from mid-2008 through 2012 from 4 ha plots (200 x 200 m) 
of homogeneous plantings of Miscanthus x giganteous (miscanthus) and a rotational sequence of 
maize (2008, 2009, 2011, 2012) and soybean (2010). The maize and soybean crops were 
managed using standard agricultural practices of the region. Miscanthus at UIEF was established 
in 2008 and replanted in 2010, and managed according to best-known practices. A complete 
description of the Energy Farm can be found in Zeri et al. (2011). The second location consisted 
of measurements from homogeneous plantings of miscanthus at the University of Illinois’ South 
Farms/SoyFACE research facility (UISF) near Champaign, IL from mid-2010 through 2012. 
Miscanthus plots at UISF were established in 2005. The third location consisted of 
measurements from the University of Illinois Dudley Smith Farms (UIDS) near Pana, IL (39.441 
N, 89.121 W) from mid-2010 through 2012 on replicated 0.5 ha plots of miscanthus. The 
miscanthus plots at UIDS were established in 2005. Each plot was equipped with a net 
radiometer (either a CNR 1 or CNR 2, Kipp and Zonen, Delft, The Netherlands). Upwelling and 
downwelling photosynthetically active radiation (PAR - wavelengths 400 to 700 nm) was 
measured with quantum sensors (either a Model LI-190, LI-COR Biosciences, Lincoln, NE, 
USA or a SQ-100, Apogee Instruments, Logan, UT, USA). 
At each site a full suite of meteorological, radiation, and soil temperature data were 
measured at 10-second intervals and stored as 30-minute averages. Incoming radiation 
(wavelengths 310 to 2800 nm) was measured using either the up-facing pyranometer of a four-
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channel net radiometer (Model CNR1, Kipp and Zonen, Delft, The Netherlands) or up-facing 
stand-alone pyranometers (Model CMP3, Kipp and Zonen, Delft, The Netherlands). The air 
measurements were taken at ~3m above the surface. Auxiliary measurements included air 
temperature and humidity (Model HMP45C, Campbell Scientific, Logan, UT, USA), 
atmospheric pressure (Model CS105, Campbell Scientific, Logan, UT, USA), and wind speed 
and direction (Model 85000, RM Young, Traverse City, MI, USA). All meteorological sensors 
were connected to dataloggers (either CR1000 or CR3000, Campbell Scientific, Logan, UT, 
USA).  
Observed canopy albedo measurements were calculated for every 10-minute period but 
values for final analysis were limited to midday (10:00 to 14:00 Central Standard Time), when 
the measurements are most accurate. Ecosystem albedo (αeco) was calculated as the ratio of 
outgoing (reflected) shortwave radiation to incident shortwave radiation.  
To supplement field-based observations, photosynthetically active radiation (PAR; 0.4 to 
0.7m) radiometric characteristics of individual leaves were measured with an integrating sphere 
attached to a portable spectroradiometer (Model 1800-12, LI-COR, Lincoln, NE, USA). 
Reflectivity and transmissivity of brown and green leaves were measured for 6 leaves from 3 
mature Miscanthus x giganteous plants grown in a greenhouse.  
 
3.4.2 Meteorological and Climate Data 
Several data sets were used to drive the Agro-IBIS agro-ecosystem model in this study. 
For model evaluation at Champaign, IL described in Section 2.4, site-specific meteorological 
data from the UISF were used. Using instruments described in Section 2.1 air temperature, 
relative humidity, and wind speed were measured locally. Precipitation data were taken from 
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nearby Willard Airport (40.04N, 88.27W), and radiation data were taken from the closest 
Surface Radiation Network (SURFRAD; 40.05N, 88.37W). Missing data from the SURFRAD 
site were filled using observations from Willard Airport. 
For current climate scenarios described in Section 2.5, Agro-IBIS was driven with 8x 
daily North American Regional Reanalysis (NARR) data. This data was re-gridded from its 
native ~0.3 x 0.3 grid degree resolution to Agro-IBIS’s 0.5 x 0.5 grid, and interpolated to an 
hourly timestep. This dataset was generated using the high-resolution NCEP-Eta model and the 
Regional Data Assimilation System (RDAS; Messinger et al., 2006). It has been shown to 
significantly improve the accuracy of key variables including temperature, precipitation, and 
wind speed relative to global reanalyses such as NCEP-DOE Reanalysis 2 (Messinger et al., 
2006).  
Future climate scenarios assumed the A2 emissions scenario from the IPCC TAR and 
AR4 report, which represents a scenario of relatively high emissions of CO2 and other 
greenhouse gasses (GHG; Nakicenovic et al., 2000). For this study we used dynamically 
downscaled climate data from the North American Climate Change Assessment Program 
(NARCCAP) from 1979-1998 and 2049-2068 to generate the driving data for Agro-IBIS 
(Mearns et al., 2007; 2009). This data was constructed using combinations of six regional 
climate models (RCMs) over North America nested within a set of four global-scale atmosphere-
ocean general circulation models (AOGCM’s). These models were chosen to be representative of 
overall model uncertainty found in the IPCC AR4 report. In total, there were 12 RCM-AOGCM 
combinations available. 
NARCCAP’s representation of current climate in North America has been shown to 
improve upon that found in AOGCM’s (Sobolowski & Pavelsky, 2012). However, regional 
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biases persist. To address this issue delta-change bias correction was used to generate 
temperature, precipitation, and humidity datasets for our future climate scenario. This method of 
bias correction uses the change in climate between 1979-1998 and 2049-2068 as a perturbation 
of observed climate instead of using RCM generated future conditions directly. Here, we 
assumed the NARR data to be the observed climate and generated future fields of precipitation 
and temperature using a monthly multiplicative correction for precipitation (P) and specific 
humidity (Equation 1), and a monthly additive correction (Equation 2) for temperature (T) at 3-
hourly intervals similar to the process described in Teutschbein & Seibert (2012). Following 
Teutschbein & Seibert’s (2012) notation these corrections can be written as: 

Pf ut u 3hr   Pobs (3hr)
m Pf ut u 3hr  
m Pobs 3hr  
 
 
 
 
 
 
 
 
    (1) 

Tf u t u3hr   To b s 3hr  m Tf u t u3hr   m To b s 3hr    (2) 
Where for our case, the subscript ‘obs’ indicates observed NARR data, ‘futu’ indicates simulated 
future scenarios from NARCCAP, and m is the monthly mean of the 1979-1998 NARR data or 
2049-2068 NARCCAP simulation at 3 hourly intervals. The delta-change procedure for humidity 
was functionally identical to that for precipitation. 
Other meteorological conditions were considered to be unchanged in our future climate 
scenario. Future CO2 concentrations were specified following the A2 emissions scenario. For the 
purposes of this study we used the mean climate change signal averaged over the ensemble of all 
twelve NARCCAP RCM-AOGCM model combinations. Additionally, much of the analysis was 
separated by seasons.  For the purposes of this study, winter was considered to be December – 
February (DJF), spring was March-May (MAM), summer was June-August (JJA), and autumn 
was September-November (SON). 
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3.4.3 The Agro-IBIS Agroecosystem Model 
 Agro-IBIS is a mechanistic model designed to simulate the growth and management of 
natural and agro-ecosystems. In addition to simulating major natural ecosystem types across 
North America, it was originally configured to simulate the management, crop phenology, and 
physiological dynamics of maize, soybean, and wheat cropping systems in the Midwest United 
States (Kucharik, 2003; Donner & Kucharik, 2003; Kucharik & Brye, 2003). More recently, 
Agro-IBIS has been extended to include perennial crops including switchgrass, miscanthus, and 
sugarcane (Vanloocke et al., 2010, 2012b; Cuadra et al., 2012). This model has been evaluated 
across spatial and temporal scales using a variety of metrics including vegetation phenology 
(Twine & Kucharik, 2008), surface fluxes of energy and moisture (Delire & Foley, 1999; 
Kucharik & Twine, 2007; VanLoocke et al. 2010, 2012b), soil moisture and temperature (Soylu 
et al., 2011; Kucharik et al. 2013), snow depth (Kucharik et al., 2013), and crop yield (Kucharik, 
2003).  
Agro-IBIS uses an hourly timestep to simulate most ecosystem processes including the 
transfer of water, energy, carbon, and momentum between soil, crop canopy, and the 
atmosphere. Slower ecosystem processes, such as soil biogeochemistry that influences soil 
nitrogen and carbon pools and allocation of carbon in vegetation, are modeled with longer 
timesteps. For this study, soil processes were modeled using eleven distinct soil layers with 
variable thickness to a total depth of 2.5m. Characteristics of each soil layer such as porosity and 
field capacity were specified using one of eleven soil texture classes based on percentage silt, 
sand, and clay from the STATSGO dataset (Miller and White, 1998). In addition to energy 
conduction through the soil layers, moisture was transferred and extracted from the soil column 
through root uptake, runoff, and soil hydrology as described in Soylu et al. (2011). When snow 
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was present, Agro-IBIS used a 3-layer thermodynamical model that estimates snow temperature, 
thickness, and fractional coverage (Lenters et al., 2000). 
At the leaf scale, transpiration and carbon assimilation are simulated in Agro-IBIS using 
physiologically based parameterizations of stomatal conductance, C3 and C4 photosynthesis, and 
respiration (Amthor, 1984; Ball et al., 1987; Collatz 1991; Farquhar et al., 1980; Collatz et al., 
1992). The leaf-level rates of transpiration and photosynthesis are modified by factors including 
canopy green fraction, nitrogen and water stress, and then scaled to canopy fluxes of water, 
carbon, and energy using the land-surface transfer scheme (LSX) model (Thompson & Pollard, 
1995a,b). The partitioning of carbon assimilated through photosynthesis to leaf, stem, root, grain, 
and rhizome (for perennial crops) carbon pools are determined by crop cultivar and phenological 
stage. The leaf carbon pool is used to estimate the expansion of leaf area by multiplying the leaf 
biomass carbon with a specific leaf area parameter to estimate daily variations in leaf area index 
(LAI). 
The surface energy balance in Agro-IBIS can be represented by: 
  
Rn =H + L+G (3) 
where Rn is the net radiation (Wm
-2), H is the surface sensible heat flux (Wm-2), L is the latent 
heat flux (Wm-2), G is energy stored in the soil and/or snow surface (Wm-2) and is typically small 
over daily timescales relative to the other terms. The net radiation can be further broken down 
into longwave and shortwave components: 
  
Rn = S 1- a( ) + Lw -esT
4
 (4) 
where S is the incoming shortwave radiation (Wm-2),  is the effective surface albedo 
(dimensionless), and Lw is the downwelling longwave radiation (Wm
-2). The final term 
represents effective surface emission of longwave radiation (Wm-2) with T representing the 
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effective surface temperature (K),  the surface emissivity (~.95), and  the Stefan-Boltzmann 
constant. The surface radiative properties and energy balance are impacted by many components 
of Agro-IBIS. However, the most important determinants of properties such as surface albedo 
and the partitioning of radiative energy between latent and sensible heat fluxes and surface 
storage are the presence or absence of vegetation, the type of vegetation, whether the vegetation 
is green or brown, soil type, soil moisture, and the presence or absence of snow. As such, 
changes in agricultural management such as altering cultivars, changing crop phenology, and 
introducing no-till agriculture can be expected to have biophysical impacts on surface net 
radiation and energy balance. 
Solar radiation in Agro-IBIS uses a two-stream approximation that separates both diffuse 
and direct radiation into photosynthetically active radiation (PAR; 0.4 to 0.7m) and near 
infrared (NIR; 0.7 to 4.0m) wavelength bands. Radiative absorption within the canopy 
primarily depends on leaf area index, intercepted snow, canopy greenness fraction, and leaf 
properties such as orientation and leaf transmittance and reflectivity in PAR and NIR 
wavelengths. In Agro-IBIS crops are assumed to be completely green post-emergence until 
grainfill begins or they reach maturity (for perennial grass crops), then the fraction of the crop 
that is green decreases at an increasingly fast rate until the canopy is completely brown or 
harvest occurs. Further details of surface albedo calculations in Agro-IBIS are described in the 
following section.  
 
3.4.4 Agro-IBIS Albedo Evaluation 
An important component of simulating the biophysical impacts of climate-smart 
agriculture is accurately reproducing the net radiation of associated crop canopies, soil surfaces, 
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and ecosystems. This requires a realistic representation of albedo. For crops, Agro-IBIS 
calculates the overall ecosystem albedo (eco) of direct and diffuse radiation as:  
  
aeco = fcan 1- fsnow( )acan + 1- fsnow( ) 1- fcan( )asoil + fsnowasnow (5) 
where  is albedo of the crop canopy (can), soil (soil), and snow (snow). ‘f’ represents the 
fraction of the land surface covered by crop canopy (fcan) and fraction of soil covered by snow 
(fsnow). The fraction of crop canopy increases linearly with LAI to a maximum fractional 
coverage of 0.95. For the no-till maize scenario (MZ_nt) described in Section 2.5 soil was set to 
0.25 for the fraction of land that was debris covered. Over the remaining land and other scenarios 
soil is influenced by a variety of factors including soil type and moisture content and varied 
accordingly.  
 Implicit in Equation 5 is the assumption that snow accumulation immediately covers any 
crops. Under most conditions in the Midwest US this is non-problematic as crops are typically 
short and harvested prior to snowfall. However, perennial crops can reach 3.5m and may remain 
on fields long after significant snowfall has accumulated. These crops are capable of shading 
accumulated snow and altering the surface albedo and surface energy balance. To account for 
this we introduced a simple factor to the calculation of eco that approximated the influence of 
tall perennial crops covering surface snow by accounting for snow depth and canopy height. 
Equation 5 becomes: 
  
aeco = lacan + 1- fsnow( ) 1- l( )asoil + (1- l) fsnowasnow (6) 
  
l = fcan 1-
hsnow
hcan
æ 
è 
ç 
ö 
ø 
÷ b
      (7) 
Where  represents a clumping factor and is set to 0.6, hsnow is the surface snow depth, and hcan is 
the height of the canopy.  
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Canopy albedo (can) is dependent on several factors including leaf orientation, sun angle, 
leaf area index (LAI), and brown and green leaf transmittance, reflectance, and absorption. Some 
of these factors, such as sun angle, change dynamically throughout a given day, while slower 
changing canopy properties such as LAI or the fraction of green to brown leaves change daily, 
and alter the canopy albedo throughout the year. However, the transmittance, reflectance, and 
absorption of green and brown leaves in the NIR and PAR wavelengths are set parameters that 
do not change. In this study, brown and green leaf reflectance and transmittance values for PAR 
wavelengths were updated in Agro-IBIS using measurements from a 1800-12 model integrating 
sphere attached to a LI-1800 Portable Spectroradiometer (described in Section 2.1) for green and 
brown leaves. Following the approach of CLM 4.0 (Lawrence et al. 2011), NIR leaf properties 
were updated using data from Asner et al. (1998), which were derived from full-spectrum 
measurements. The updated VIS and NIR leaf reflectance and transmittance values used in this 
study are given in Table 3.1.  
Figure 3.1 compares observed and simulated albedo for maize and miscanthus for 2010-
2012 using measurements and local meteorological conditions from Champaign, IL as described 
in Section 2.1. Miscanthus ecosystem albedo simulated using Equation 6 and original Agro-IBIS 
leaf transmittance and reflectance is also shown for comparison (blue line). Adopting the revised 
eco formulation that includes snow shading by vegetation and updated leaf radiative parameters 
reduced and improved the modeled albedo throughout the year. The contrast was particularly 
stark outside the primary growing season (approximately days 130-220) when brown vegetation 
and snow events unrealistically increased the ecosystem albedo beyond observed values.  
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3.4.5 Description of Scenarios 
 To test the biophysical impacts of climate-smart agricultural management several 
scenarios were simulated. Each scenario was run for current and future climate. The current 
climate scenarios were simulated for 20 years using NARR data from 1979-1998 and observed 
CO2 concentrations. Future climate scenarios were simulated using bias-corrected NARCCAP 
forcing data as described in Section 2.2. The 20-year duration of these simulations ran from 
2049-2068 and assumed CO2 concentrations based on the A2 emissions scenario. The mean 
change between future and current temperature, precipitation, and snowfall is shown in Figure 
3.2. Each simulation included a 300-year spin-up with potential vegetation and a 10-year spin-up 
with crops to establish near-equilibrium soil carbon stocks. In this study, all crops were assumed 
to be exclusively rainfed in order to focus on biophysical impacts of non-irrigation climate-smart 
management techniques. 
The individual scenarios are summarized in Table 3.2. The control scenario used the 
default maize representation in Agro-IBIS (MZ). In this scenario the planting date was allowed 
to respond to yearly meteorology, and the choice of maize hybrid was dynamically determined 
by optimizing the number of growing degree days (GDD) the crop needed to achieve maturity 
based on the climate of the previous five years. The phenological emergence, grainfill, and 
maturity phases of the crop were determined based on GDD calculations. Post-maturity, the crop 
browned and was harvested a set number of days after maturity was reached.  
The second and third scenarios directly tested the biophysical impacts of increasing the 
GDD requirements that maize required to achieve maturity as a potential adaptation for extended 
growing season length. In the MZ_1260 scenario the number of growing degree-days it took 
maize to achieve maturity (GDDmat) was uniformly set to 1260 across the domain, and in the 
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MZ_1610 scenario GDDmat was set to 1610. These choices were made based on the shortest and 
longest observed statewide mean GDDmat across corn growing states in the US for 1980-2005 
(Sacks and Kucharik, 2011).  
The fourth scenario was designed to represent no-till management practices for maize 
(MZ_nt). In this scenario a 0.05m layer of debris was added to the top of Agro-IBIS’ soil column 
with a fractional coverage of 0.95. This debris altered several quantities of the soil layer in Agro-
IBIS including roughness length (debris layer roughness length = 0.0012m), bulk density (= 36.4 
kg m-3), cellulose density (= 1450 kg m-3), thermal conductivity (= 0.126 W m-1 K-1), specific 
heat (= 1900 J kg-1 K-1), porosity(= 0.975), and albedo (= 0.25). These parameters were set based 
on observations, and are detailed in Kucharik et al. (2013). They were only used for the no-till 
scenario. 
The fifth scenario tested the biophysical impacts of replacing maize with a perennial crop 
(PR). Miscanthus was chosen to represent the perennial crop. The Agro-IBIS representation of 
miscanthus was unaltered from that described in VanLoocke et al. (2012b) with two exceptions. 
In the original formulation the harvest date was arbitrarily set to December 31st. In this study, the 
harvest date was extended to March 20th to mirror available observations. Also, the minimum 
post-maturity leaf area index (LAI) was set to 3.0 from 5.0 to reflect additional crop senescence 
and weathering due to extension of the harvest date. 
 
3.5 Scenario Analyses and Discussion 
3.5.1 Scenario 1: Biophysical Impacts of Adapted Cultivars for Extended Growing Season 
One expected near-term impact of climate change on agriculture in the Midwest US is a 
lengthening of the potential growing season. Reduced spring snowfall and earlier thawing of 
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frozen ground are expected to lead to earlier planting dates, while a warmer autumn could extend 
the potential growing season later into the year. Additionally, northern portions of the Midwest 
are likely to become more amenable to agriculture as warming temperatures lengthen the 
growing season. However, warmer temperatures also lead to crops using more water, reaching 
maturity more quickly, and potentially producing reduced crop yields. The simulated mean 
change in crop emergence and crop maturity dates between future and current climate is shown 
in Figure 3.3 for the MZ_1610 scenario. As expected, in future climate maize emerged 6-11 days 
earlier in the season and reached maturity 15-30 days earlier over most of the domain. 
One option to retain or increase crop yields in future climate is to take advantage of 
earlier planting dates and an extended growing season by optimizing a crop cultivar to increase 
the number of GDD needed to reach maturity. This effectively increases the number of days 
between planting and harvest. In addition to potential impacts on crop yield, this management 
decision will have biophysical climate impacts as a transpiring row crop will typically generate a 
cooler surface and atmospheric boundary layer relative to exposed soil. This is driven by more 
energy being transferred to the atmosphere through water vapor in latent heat flux (L in Eqn. 3), 
less through sensible heat flux (H), and less stored in the surface system (G). However, a 
potential impact of the extended growing season may be a reduction in water availability as 
crops reach maturity due to the extension of the active transpiration period. 
To assess the potential extent of biophysical impacts of adopting long growing season 
crop cultivars we compared simulations of a maize cultivar with low GDD requirements 
designed for short growing seasons (MZ_1260), with one with high GDD requirements for 
longer growing seasons (MZ_1610). Instead of attempting to project the extent to which maize 
GDD requirements may change in future climate cultivars we compared the biophysical impacts 
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based on the observed spread in maize GDD requirements between corn growing states as 
reported in Sacks and Kucharik (2011) and described in Section 2.5.  
 Averaged over a year or a season the biophysical impacts of MZ_1610 versus MZ_1260 
were relatively small, with non-significant yearly differences in net solar radiation (Fig. 3.13) 
and other biophysical quantities. However, during the period when the crop areal extent differs 
significantly between MZ_1610 and MZ_1260 the change in surface energy balance and local 
climate could be large. Since the timing of maturity for MZ_1260 and MZ_1610 varies 
geographically, in this section we use Champaign, IL as a case study to compare the biophysical 
impacts of adopting maize cultivars with extended GDD requirements. Figure 3.4 shows the 
mean daily leaf area index for the MZ_1260 and MZ_1610 scenarios from 2049-2068. For much 
of the year the two simulations were nearly identical. Both crops were planted at the same time, 
emerge around day 130, and reach maximum LAI at day 150. However, near day 200 MZ_1260 
reaches maturity and senesces until harvest, while MZ_1610 required a couple more weeks to 
reach maturity.  
Extracting the time period from each year when LAI in the MZ_1260 and MZ_1610 
scenarios differed by more than .1 m2m-2 reveals the biophysical impacts of changing cultivars 
on the surface energy balance, soil temperature, and local climate (Fig. 3.5). The difference in 
net radiation (Rn) was small (Fig. 3.5a), but the partitioning of energy between sensible heat flux 
(H; Fig. 3.5b), latent heat flux (L; Fig. 3.5c), and surface energy storage (G; Fig. 3.5d) changed 
between the two simulations. Similar to the results of Sacks & Kucharik (2011), in the MZ_1610 
extended growing season scenario vegetation evapotranspiration contributed to increased L, 
reduced H, and reduced G. The changes in the energy storage and flux terms led to perturbations 
in soil temperature with the mid-day 0-5cm soil temperature in the MZ_1610 scenario ~2 cooler 
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than the MZ_1260 scenario due to increased latent heat flux and vegetative shading of the soil 
surface (Fig. 3.5e). 
 
3.5.2 Scenario 2: Biophysical Impacts of No-Till Agriculture 
No-till agriculture has been proposed as a climate-smart management technique for 
several reasons. Foremost among those reasons are the potential for carbon sequestration relative 
to traditional agriculture (e.g. Bernacchi et al., 2005; Blanco-Canui & Lai, 2008) and the 
enhanced ability of fields under no-till agriculture to reduce soil temperatures and retain soil 
moisture (Fig. 3.6a; Steiner, 1989; Horton et al., 1996; Sauer et al., 1998). Additionally, previous 
research has shown that no-till crop debris that remains on a field has a higher albedo than bare 
soil in the Midwest United States. This alters the surface energy budget, and could contribute net 
radiative benefits towards efforts to mitigate climate change (Betts, 2000; Georgescu et al., 
2011;).   
 For the MZ_nt scenario the increase in albedo led to increases in annual reflected solar 
radiation of between 300 and 500 MJ m-2 across the Midwest US relative to the MZ scenario 
(Fig. 3.6b). In this section the biophysical impacts of no-till agriculture are further separated by 
season, and the extent to which changes in climate can influence biophysical impacts of no-till 
agriculture are investigated.  
 Figure 3.7 shows the difference in albedo MZ_nt and MZ from 1979-1998. The biggest 
differences in albedo occurred during the spring (Mar.-May; Fig. 3.7c) and autumn (Sep.-Nov.; 
Fig. 3.7d) seasons. During the peak growing season (Jun.-Aug.; Fig. 3.7b) the differences in 
ecosystem albedo were minimal as extensive crops covered the majority of the debris layer. 
Similarly, during the winter (Dec.-Feb.; Fig. 3.7a) the difference in albedo between the two 
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scenarios was also small due to snow coverage, particularly in the northern portion of the 
domain. In the 2049-2068 climate simulation the difference in albedo during the winter months 
between the MZ and MZ_nt scenarios increased relative to 1979-1998 (Fig. 3.7e) as snow 
coverage is reduced due to increased winter temperatures, which led to reduced snowfall and 
increased melt rates. This indicated that the radiative value of no-till agriculture increases as the 
Midwest US warms. 
 As shown by the differences in albedo described above, the biophysical impacts of no-till 
agriculture were largest in the spring and autumn months. During these seasons the increased 
albedo in the no-till scenario was coupled with a reduction in Rn by 10~30Wm
-2 across the 
domain (Fig. 3.8a,d). With vegetation absent from the surface during both seasons it could be 
expected that H, L, and G were similarly reduced during both spring and autumn based on the 
surface energy balance (Eqn. 3). However, differing surface conditions led to perturbations to 
how the reduction in energy was partitioned. During spring, soil moisture in the Midwest US is 
close to saturation following snowmelt. Through summer the soil dries via evaporation and crop 
transpiration, typically leading to drier soils in the autumn. For example, in the MZ_nt scenario 
autumn fractional volumetric water content over the top meter of soil was reduced by ~0.1 
relative to spring values over most of the domain (Fig. 3.14). There were several biophysical 
impacts of this seasonal asymmetry. First, drier soil tends to have a higher albedo than wet soil. 
As a result, the difference in albedo and net radiation between no-till and conventional 
agriculture was highest in the spring (Fig. 3.7c; Fig. 3.8a,d). Additionally, the reduction of the 
available energy due to no-till agriculture that was partitioned to L was highest in spring with 
reduction in L accounting for up to ~40% of the total reduction in Rn for some parts of the 
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domain (Fig. 3.8b,e). Conversely, the fraction of energy reduction partitioned to H was smaller 
in spring relative to autumn (Fig. 3.8c,f).  
 
3.5.3 Scenario 3: Biophysical Impacts of Perennial Crops 
Due to the altered vegetative properties of perennial crops relative to maize as well as 
their extended growing season, the adoption of perennial crops is likely to have biophysical 
impacts over the majority of the year. This is in contrast to the previous two scenarios where the 
biophysical impacts were primarily constrained to a few weeks at the end of the growing season 
for the scenario of adapted GDD cultivars and the spring and autumn seasons for the no-till 
agricultural management scenario. In this section the biophysical impacts of replacing maize 
(MZ scenario) with the perennial crop miscanthus (PR scenario) were investigated under current 
and future climate. 
 Extracting data from Champaign, IL, the simulated mean annual growing cycle of the 
perennial crop’s LAI is shown in Figure 3.9 along with MZ’s annual cycle. In addition to 
generating an LAI approximately double that of MZ, the perennial crop reached maturity later in 
the autumn, and remained on the field until March. After the perennial crop reached maturity its 
LAI declined as the vegetation browned and senesced as carbon was reallocated to rhizomes at 
temporally variable rates in preparation for emergence the following year. The crop was assumed 
to reach a minimum LAI, which was retained until March harvest. 
 The impacts of PR on ecosystem albedo are shown in Figure 3.1 for several years at 
Champaign, IL. For much of the year the albedo was similar between the MZ and PR scenarios. 
The primary difference in albedo between the scenarios occurred during the winter months when 
snow was present and the perennial crop was not harvested. During these periods the perennial 
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crop partially shaded the relatively reflective snow, lowering the albedo and absorbing more 
solar radiation. Table 3.3 gives the mean ecosystem albedo for days when snow was present and 
absent during the winter for 1979-1998 and 2049-2068. When snow was present, the PR albedo 
was lower than MZ albedo by ~0.11 in 1979-1998, and ~0.07 in 2049-2068. However, when 
snow was missing the PR scenario albedo was greater by ~0.05 during both 1979-1998 and 
2049-2068. Finally, when averaged over the entire December-February period the difference in 
albedo between the MZ and PR scenarios changed from MZ having a larger albedo by ~0.04 in 
1979-1998 to a lower albedo by ~0.01 in 2049-2068 due to less snowfall and more rapid 
snowmelt in a warmer climate. Similar to the no-till scenario, this suggests that the radiative 
benefits of perennial crops increase with climate changes as the impact of snow on the radiative 
budget diminishes. Figure 3.9 shows the cumulative reflected solar radiation for PR and MZ 
averaged over 1979-1998 and 2049-2068 for Champaign, IL. This figure indicates that over the 
course of an entire year the perennial crop had a small radiative benefit relative to maize during 
1979-1998. This radiative benefit increases in the 2049-2068 climate change simulation for 
Champaign, IL.  
 The simulated radiative impacts of the PR scenario vary across the Midwest US. The two 
primary factors that contributed to the variations were the regional patterns of snowfall, and 
differences in crop coverage with simulations of miscanthus and maize in the drier western 
portions of the domain and colder northern portions of the domain exhibiting reduced crop yields 
with lower LAI’s throughout the year. The contrast in net solar radiation between MZ and PR 
over the Midwest US is illustrated in Figure 3.10 for September-November and December-
February. During autumn, vegetation in the MZ scenario has been harvested revealing bare soil. 
In contrast, the PR canopy remained present and had turned brown. The impact of this 
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dichotomy for the PR scenario is that the central and southern portions of the region reflected 
more solar radiation than the relatively dark bare soil present in the MZ scenario (Fig. 3.10a). 
However, in the northern portion of the domain reduced growth in the PR scenario and early 
snowfall removed the radiative benefit of the PR scenario, and led to net solar radiation that was 
equal to or greater than the MZ scenario. As winter progressed, the region where PR net solar 
radiation was similar or greater than the MZ scenario shifted southward as snow coverage 
increased (Fig. 3.10c). When the radiative impacts of the PR scenario in current climate (Fig. 
3.10a,c) were compared to the impacts in future climate (Fig. 3.10b,d) a northward shift in the 
reduced net solar radiation was observed in both autumn and winter months. During autumn, 
increased temperatures throughout the growing season led to greater growth of the perennial crop 
in the northern portion of the Midwest US (Fig. 3.10a,b). This generated a greater contrast 
between the PR scenario, where vegetation was standing through autumn, and was bare soil in 
the MZ scenario. In winter, similar to the MZ_nt scenario, reduced snowfall increased the 
radiative benefit of PR relative to maize, as the fractional area and length of time that the 
perennial crop shaded highly reflective snow was reduced (Fig. 3.10c,d). 
 In addition to the biophysical radiative impacts of the PR scenario, important biophysical 
differences in seasonal water use, surface energy partitioning, and local climate regulation were 
observed. Figure 3.11 shows the mean difference in yearly evapotranspiration and seasonal latent 
heat flux between the MZ and PR scenarios for 1979-1998. Over the course of a year, the land 
surface in the PR scenario transferred between 30-60mm more water to the atmosphere than the 
MZ scenario. During the winter (Fig. 3.11b), spring (Fig. 3.11d), and summer (Fig. 3.11c), the 
PR scenario had slightly higher water use than the MZ scenario. However, the largest differences 
occurred in autumn (Fig. 3.11e) when photosynthesis was still active in the PR crop due to its 
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extended growing season. During this time the PR crop was actively transpiring while the latent 
heat flux from the MZ scenario was constrained to evaporation of moisture from the top layers of 
soil and surface water. 
 With the PR scenario’s increase of latent heat flux during autumn relative to the MZ 
scenario (Fig. 3.11e), and decrease in net solar radiation for much of the Midwest US (Fig. 
3.10a), it is unsurprising that the biophysical impact of the PR scenario on other components of 
the surface energy balance and local climate was large during this season as well. Figure 3.12 
shows the impact of the PR scenario on sensible heat flux. During autumn, the combination of 
increased evapotranspiration and reduced net solar radiation for the PR scenario led to a decrease 
in H of approximately 8-14 Wm-2 across the Midwest US.  
 
3.6 Conclusion  
This study investigated the biophysical impacts of three climate-smart management 
scenarios for the Midwest United States. These included no-till agriculture, adoption of perennial 
crops, and use of cultivars capable of taking advantage of future extended growing seasons. We 
found the mean response of the biophysical impacts of these management choices to be 
significant. Additionally the biophysical impacts on surface climate found in these simulations 
were similar in magnitude to those found in previous studies of land cover and management 
changes (Georgescu et al., 2011; Anderson-Texiera et al., 2012, Luyssaert et al., 2014). Drawing 
from the above analyses, there are several additional points that should be highlighted. 
 The presence or absence of snow in the domain played an important role in determination 
of the biophysical impacts of climate-smart scenarios, and how those impacts changed in future 
climate. In the MZ_nt and PR scenarios where winter surface albedos were altered, the changing 
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role of snow in the region was evident. Both of these scenarios had values for albedo in winter 
that were higher than the bare soil of the MZ scenario. However, when snow was present the 
MZ_nt scenario albedo remained higher than the MZ scenario due to partial snow coverage, but 
in the PR scenario the albedo became lower than the MZ scenario due to shading of snow by 
vegetation, effectively reducing the radiative benefit of the perennial crop. When snow cover 
was reduced in future climate simulations this reduction was largely eliminated for portions of 
the Midwest US. This highlights the changing nature of the biophysical radiative impacts of 
climate-smart agriculture. 
There were several important uncertainties and limitations in this study. An important 
limitation of the bias-correction and averaging of the NARCCAP climate projections is that the 
interannual variability is assumed to not change from that observed in the NARR data. 
Developing accurate projections of how climate change influences regional interannual 
variability may have important consequences for assessing biophysical impacts of climate-smart 
agriculture, and is a source of active research. In addition to modeling uncertainties, the 
simulations of future climate depend on assumptions of how future greenhouse gas emissions 
will change, which depend on social, economic, and political factors beyond the scope of this 
work. Finally, there remain many unanswered questions of how crop physiology and soil 
processes will respond to changing climate and atmospheric CO2 concentrations, and how these 
changes will manifest themselves in terms of ecosystem biophysical perturbations.   
 In summary, this study demonstrates that climate-smart agriculture has significant 
biophysical impacts on the surface climate of the Midwest US. Consequently, the biophysical 
impacts should be considered when assessing the environmental impacts of potential changes in 
crop management. Additionally, climate-smart techniques designed to mitigate greenhouse 
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gasses may change the ecosystem albedo and perturb the earth’s energy balance. The effect of 
this change in radiative balance can enhance or diminish the effective mitigation potential of 
climate-smart management decisions, and needs to be included when determining the overall 
climate impact of these decisions. For example, in the Midwest US the presence of highly 
reflective snow is an important component of the annual radiative budget, and climate-smart 
agricultural techniques designed to mitigate climate change but reduce snow exposure should be 
carefully considered. On the other hand, no-till agriculture retains plant debris that is reflective 
relative to bare soil and is immediately covered by winter snows that lead to biophysical climate 
benefits that enhance any GHG mitigation that the technique provides. Finally, the magnitudes of 
biophysical impacts by climate-smart agricultural techniques are not static and can change with 
regional climate trends. Therefore, long-term assessments of the environmental impacts of 
climate-smart agriculture in the Midwest US should not only account for biophysical impacts, 
but also the potential for these impacts to change in future climate. 
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3.7 Tables and Figures3 
Table 3.1:  Original and updated green and brown leaf reflectivity and transmissivity for PAR 
and NIR wavelengths. 
 
 New PAR Old PAR New NIR Old NIR 
Green Reflectivity .08a .10 .38b .58 
Brown Reflectivity .36a .36 .53b .58 
Green Transmissivity .06a .07 .37b .25 
Brown Transmissivity .08a .22 .21b .38 
a
From integrating sphere data for miscanthus leaves in this study 
bFrom hyperspectral measurements of Asner et al. 1998 
 
  
                                                 
3 The work in this chapter has been previously published.   
Bagley, J. E., Miller, J., & Bernacchi, C. J. (2015). Biophysical impacts of climate-smart agriculture in the Midwest 
United States. Plant, Cell & Environment, 38(9), 1913–1930. http://doi.org/10.1111/pce.12485 
The copyright owner has provided permission to reprint. 
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Table 3.2:  Summary of climate-smart scenarios4 
 
 Description Years Simulated 
Maize (MZ) Default Agro-IBIS maize parameterization 1979-1998; 2049-2068 
Maize-short 
(MZ_1260) 
Planting date allowed to respond to yearly 
meteorology, GDDmat
a set to 1260 
2049-2068 
Maize-long 
(MZ_1610) 
Planting date allowed to respond to yearly 
meteorology, GDDmat
a set to 1610 
2049-2068 
Maize-no 
till (MZ_nt) 
Default Agro-IBIS maize with top soil 
layer representing maize debrisb  
1979-1998; 2049-2068 
Perennial 
Crop (PR) 
Represented by Miscanthus cultivar as 
described in Vanloocke et al. (2012) 
1979-1998; 2049-2068 
aGDDmat represents the # of growing degree days a crop needs to reach maturity from planting. 
This parameter was set based on data from Sacks et al., 2011 
bUsing parameters derived in Kucharik et al., 2012 
 
 
  
                                                 
4 The work in this chapter has been previously published.   
Bagley, J. E., Miller, J., & Bernacchi, C. J. (2015). Biophysical impacts of climate-smart agriculture in the Midwest 
United States. Plant, Cell & Environment, 38(9), 1913–1930. http://doi.org/10.1111/pce.12485 
The copyright owner has provided permission to reprint. 
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Table 3.3:  Albedo comparison between Perennial Grass (PR) and Maize (MZ) scenarios for 
winter (DJF) and summer (JJA) at Champaign, IL. Winter albedo is separated by days with snow 
and days without. Snow days are considered to be when the fractional area snow area for a grid 
cell is greater than 0.1.5 
 
 
 DJF 1979-1998 DJF 2049-2068 JJA 
 Overall Snow 
No-
Snow 
Overall Snow 
No-
Snow 
1979-
1998 
2049-
2068 
Perennial Grass .320 .408 .238 .264 .387 .232 .177 .180 
Maize .359 .519 .186 .248 .462 .169 .176 .178 
 
  
                                                 
5 The work in this chapter has been previously published.   
Bagley, J. E., Miller, J., & Bernacchi, C. J. (2015). Biophysical impacts of climate-smart agriculture in the Midwest 
United States. Plant, Cell & Environment, 38(9), 1913–1930. http://doi.org/10.1111/pce.12485 
The copyright owner has provided permission to reprint. 
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Fig. 3.1:  Observed (dashed) and simulated (solid line) 14-day running mean canopy albedo 
(unitless) for maize (black) and miscanthus (red) for 2010-2012 at Champaign, IL. Blue line is 
miscanthus simulation with original Agro-IBIS parameters.6 
 
                                                 
6 The work in this chapter has been previously published.   
Bagley, J. E., Miller, J., & Bernacchi, C. J. (2015). Biophysical impacts of climate-smart agriculture in the Midwest 
United States. Plant, Cell & Environment, 38(9), 1913–1930. http://doi.org/10.1111/pce.12485 
The copyright owner has provided permission to reprint. 
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Fig. 3.2:  DJF (a, b, e) and JJA (c, d) mean difference in surface temperature (K; a, c), 
precipitation (mm day-1; b, d), and simulated fractional snow cover (unitless; e) between 2049-
2068 and 1979-1998.7
                                                 
7 The work in this chapter has been previously published.   
Bagley, J. E., Miller, J., & Bernacchi, C. J. (2015). Biophysical impacts of climate-smart agriculture in the Midwest 
United States. Plant, Cell & Environment, 38(9), 1913–1930. http://doi.org/10.1111/pce.12485 
The copyright owner has provided permission to reprint. 
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Fig. 3.3:  Mean change in maize emergence date (a) and maturity date (b) of future vs. current 
climate for MZ_1610 scenario. The zonal mean of the map is shown on the right of each plot.8 
                                                 
8 The work in this chapter has been previously published.   
Bagley, J. E., Miller, J., & Bernacchi, C. J. (2015). Biophysical impacts of climate-smart agriculture in the Midwest 
United States. Plant, Cell & Environment, 38(9), 1913–1930. http://doi.org/10.1111/pce.12485 
The copyright owner has provided permission to reprint. 
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Fig. 3.4:  2049-2068 maize LAI for 1260 GDD (dashed line) vs. 1610 GDD cultivar (solid line) 
at Champaign, IL. The period from day ~240-250 when the MZ_1260 scenario has an LAI near 
1 while MZ_1610 is an artifact of Agro-IBIS’ crop phenology routine for this location, and is not 
considered in this analysis.9 
                                                 
9 The work in this chapter has been previously published.   
Bagley, J. E., Miller, J., & Bernacchi, C. J. (2015). Biophysical impacts of climate-smart agriculture in the Midwest 
United States. Plant, Cell & Environment, 38(9), 1913–1930. http://doi.org/10.1111/pce.12485 
The copyright owner has provided permission to reprint. 
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Fig. 3.5:  2049-2068 mean Rn (Wm
-2; a), H (Wm-2, b), L (Wm-2, c), G (Wm-2, d), and soil 
temperature of top 5cm of soil (K; e) for the MZ_1610 scenario (red line) and MZ_1260 scenario 
(black line) over the period when difference in LAI between MZ_1260 and MZ_1610 were 
greater than 0.1.10 
                                                 
10 The work in this chapter has been previously published.   
Bagley, J. E., Miller, J., & Bernacchi, C. J. (2015). Biophysical impacts of climate-smart agriculture in the Midwest 
United States. Plant, Cell & Environment, 38(9), 1913–1930. http://doi.org/10.1111/pce.12485 
The copyright owner has provided permission to reprint. 
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Fig. 3.6:  1979-1998 (a) Impact of no-till on annual mean fractional volumetric water content 
(unitless) over top 1-m of soil as indicated by the difference between the MZ and MZ_notill 
scenarios, and (b) the difference between the MZ and MZ_notill scenarios for annually reflected 
solar radiation (MJ m-2 year-1). Similar patterns of moisture retention are exhibited throughout 
the deeper layers of the soil column as well (not shown). The hatching represents statistical 
significance of .95 using a paired t-test.11 
                                                 
11 The work in this chapter has been previously published.   
Bagley, J. E., Miller, J., & Bernacchi, C. J. (2015). Biophysical impacts of climate-smart agriculture in the Midwest 
United States. Plant, Cell & Environment, 38(9), 1913–1930. http://doi.org/10.1111/pce.12485 
The copyright owner has provided permission to reprint. 
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Fig. 3.7:  Difference in 1979-1998 mean seasonal albedo (unitless) between MZ and MZ_notill 
for DJF (a), MAM (c), JJA (b), SON (d), and 2049-2068 DJF (e). The hatching represents 
statistical significance of .95 using a paired t-test.12 
  
                                                 
12 The work in this chapter has been previously published.   
Bagley, J. E., Miller, J., & Bernacchi, C. J. (2015). Biophysical impacts of climate-smart agriculture in the Midwest 
United States. Plant, Cell & Environment, 38(9), 1913–1930. http://doi.org/10.1111/pce.12485 
The copyright owner has provided permission to reprint. 
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Fig. 3.8:  The 1979-1998 mean differences in Rn (W m
-2) for MAM and SON for the MZ_nt-MZ 
scenarios are shown in (a) and (d). (b) and (e) show the 1979-1998 MAM and SON changes in 
latent heat flux as a percentage of the change in Rn given in (a) and (d) respectively. Similarly, 
(c) and (f) show the 1979-1998 MAM and SON changes in sensible heat flux as a percentage of 
the change in Rn given in (a) and (d).
13 
                                                 
13 The work in this chapter has been previously published.   
Bagley, J. E., Miller, J., & Bernacchi, C. J. (2015). Biophysical impacts of climate-smart agriculture in the Midwest 
United States. Plant, Cell & Environment, 38(9), 1913–1930. http://doi.org/10.1111/pce.12485 
The copyright owner has provided permission to reprint. 
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Fig. 3.9:  The bottom portion of the figure gives the mean leaf area index (m2 m-2) for MZ (red 
lines) and PR (black lines) at Champaign, IL from 1979-1998. The top portion of the figure 
shows the corresponding cumulative reflected solar radiation at Champaign, IL (MJ m-2 year-1) 
averaged over 1979-1998 (solid lines) and 2049-2068 (dashed lines).14  
                                                 
14 The work in this chapter has been previously published.   
Bagley, J. E., Miller, J., & Bernacchi, C. J. (2015). Biophysical impacts of climate-smart agriculture in the Midwest 
United States. Plant, Cell & Environment, 38(9), 1913–1930. http://doi.org/10.1111/pce.12485 
The copyright owner has provided permission to reprint. 
 92 
 
 
Fig. 3.10:  Difference in SON (a,b) and DJF (c,d) mean net solar radiation (W m-2) between the 
perennial and maize scenarios (PR-MZ) for 1979-1998 (a,c) and 2049-2068 (b,d). Additionally, 
the zonal mean of the map is shown on the right of each plot. The hatching represents statistical 
significance of .95 using a paired t-test.15
                                                 
15 The work in this chapter has been previously published.   
Bagley, J. E., Miller, J., & Bernacchi, C. J. (2015). Biophysical impacts of climate-smart agriculture in the Midwest 
United States. Plant, Cell & Environment, 38(9), 1913–1930. http://doi.org/10.1111/pce.12485 
The copyright owner has provided permission to reprint. 
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Fig. 3.11:  The difference in mean annual evapotranspiration of PR-MZ (mm year-1) for 1979-
1998 (a). The difference in seasonal latent heat flux (W m-2) is shown for DJF (b), MAM (d), 
JJA (c), and SON (e). The hatching represents statistical significance of .95 using a paired t-
test.16 
 
                                                 
16 The work in this chapter has been previously published.   
Bagley, J. E., Miller, J., & Bernacchi, C. J. (2015). Biophysical impacts of climate-smart agriculture in the Midwest 
United States. Plant, Cell & Environment, 38(9), 1913–1930. http://doi.org/10.1111/pce.12485 
The copyright owner has provided permission to reprint. 
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Fig. 3.12:  1979-1998 difference in PR vs. MZ scenarios for H (W m-2). The hatching represents 
statistical significance of .95 using a paired t-test.17 
 
 
 
  
                                                 
17 The work in this chapter has been previously published.   
Bagley, J. E., Miller, J., & Bernacchi, C. J. (2015). Biophysical impacts of climate-smart agriculture in the Midwest 
United States. Plant, Cell & Environment, 38(9), 1913–1930. http://doi.org/10.1111/pce.12485 
The copyright owner has provided permission to reprint. 
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Fig. 3.13:  Difference in 1979-1998 mean yearly net solar radiation (W m-2) between MZ_1610 
and MZ_1260. The hatching represents statistical significance of .95 using a paired t-test.18 
 
                                                 
18 The work in this chapter has been previously published.   
Bagley, J. E., Miller, J., & Bernacchi, C. J. (2015). Biophysical impacts of climate-smart agriculture in the Midwest 
United States. Plant, Cell & Environment, 38(9), 1913–1930. http://doi.org/10.1111/pce.12485 
The copyright owner has provided permission to reprint. 
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Fig. 3.14:  Simulated 2049-2068 differences between autumn and spring (SON-MAM) 
volumetric water content (unitless) for top 1-m of soil.19 
                                                 
19 The work in this chapter has been previously published.   
Bagley, J. E., Miller, J., & Bernacchi, C. J. (2015). Biophysical impacts of climate-smart agriculture in the Midwest 
United States. Plant, Cell & Environment, 38(9), 1913–1930. http://doi.org/10.1111/pce.12485 
The copyright owner has provided permission to reprint. 
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CHAPTER 4: REFINING THE RELATIVE CONTRIBUTIONS OF SOIL 
EVAPORATION AND PLANT TRANSPIRATION FOR PREDICTING 
EVAPOTRANSPIRATION FOR MIDWESTERN BIOENERGY CROPS 
4.1 Introductory Statement 
Increasing demands on agriculture to provide food and fuel for a rapidly growing 
population are intensifying agro-ecosystems while driving significant land-use changes, both of 
which are projected to affect the biogeophysical properties of the terrestrial surface.  
Biogeophysical effects arise from shifts in the partitioning of energy between sensible, latent and 
ground heat fluxes as well as changes in surface reflectivity.  Land use changes, such as 
conversion from annual row crops to perennial biofuel crops, can alter the character and strength 
of these land-atmosphere exchanges via changes to surface albedo (α), roughness length, and 
evapotranspiration (ET) and can have significant feedbacks on climate (Sellers et al., 1997).   
Land use changes from one species to another can have a large effect on the hydrologic 
cycle via shifts in interception, infiltration, runoff, and ET.  ET, in particular, is an important 
ecosystem parameter.  In some ecosystems, ET can account for over 99% of the water balance 
(Kool et al., 2014; Bernacchi & VanLoocke, 2015).  Furthermore, ET is an important component 
of climate as it enhances precipitation (e.g. Findell et al., 2011; Loarie et al., 2011; Bagley et al., 
2012; Bagley et al., 2014) and acts to cool the earth surface (Anderson-Teixeira et al., 2012).  In 
crops, ET is a function of planting density, leaf area index (LAI), soil water availability, and the 
efficiency by which plants utilize soil water.   
On an annual basis, evaporation (E) cycles from 100% of ET in the winter when 
transpiring plants are not present (Cooper et al., 1983) to <10% of ET in the middle of the 
growing season (Welp et al., 2008; Griffis et al., 2010).  Within-season drivers control E as well.  
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At low LAI or decreased plant activity, E is dependent on the vapor pressure deficit (VPD) of the 
atmosphere and soil moisture availability (Lambers et al., 2008).  When the surface soil is 
saturated and atmospheric conditions are favorable for evaporation, such as under conditions of 
high VPD, strong winds, and high insolation, E can proceed rapidly (Deol et al., 2012).  As soil 
moisture declines, the matric potential of the soil exceeds the evaporative potential of the 
atmosphere, causing the rate of E to diminish and, eventually, a decoupling of the atmosphere 
from the land surface (Bernacchi & VanLoocke, 2015).  At high LAI, the canopy shades the soil 
surface and creates a strong resistance opposing atmospheric mixing, two factors that tend to 
limit E. 
Crop breeding and modern agronomic practices have led to crop varieties with dense 
canopies and long growing seasons (Koester et al., 2014).  Maize for example, grows rapidly and 
quickly transitions a field from being dominated by direct soil-atmosphere exchanges to being 
dominated by plant processes (Steduto & Hsiao, 1998; Suyker & Verma, 2008).  The application 
of fertilizer can ensure rapid crop growth, a rapid increase in LAI, and the concomitant reduction 
of E during the early growing season.  Similarly, sowing densities and crop varieties can be 
selected to achieve the desired canopy architecture and maximum canopy closure (Leuning et al., 
1994).  Consequently, since most agricultural practices ensure closed homogeneous canopies, E 
is a minimal component of ET during the majority of the growing season (Jara et al., 1998, 
Griffis et al., 2010). 
In contrast to the passive environmental control of E, crops have control over the amount 
of water they use.  Transpiration (TR) is a necessary complement to photosynthesis but since 
peak photosynthetic rates normally occur during times of high VPD, plants have evolved various 
mechanisms to prevent desiccation.  The flow of water through a plant’s vascular system, from 
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roots, through stems, and out the stomata, is primarily controlled by stomatal regulation but also 
by intrinsic differences in species.  Different crops have inherent variations in their typical 
ranges of TR.  For example, plants that employ the C3 photosynthetic pathway tend to have 
higher rates of TR than C4 plants (Beale et al., 1999).  Leaf structure, such as the presence of a 
waxy leaf cuticle or trichomes, often found in desert plants for example, can act to restrict water 
loss.  Plants from the Poaceae family, which includes miscanthus, have long slender leaves that 
tend to roll up during periods of water stress (Duvick, 2005; Kadioglu et al., 2012).  Rolling 
reduces leaf temperature and slows water loss (Heckathorn & DeLucia, 1991).  Plant 
morphology, such as the vertical distribution of leaves or the overlap between neighboring plants 
also plays a role in modulating the exchange of water vapor between the atmosphere and plants.  
While differences in plant type and structure exert some control on the exchange of water vapor, 
soil moisture availability and VPD are the primary drivers of ecosystem water loss (Lambers et 
al., 2008) and roughness length acts to modulate the degree of surface-atmosphere exchange.  
Vegetation canopies with high roughness length, such as those consisting of widely spaced plants 
of differing heights, are strongly influenced by atmospheric eddies and the rate of TR is mostly 
controlled by VPD.  In contrast, canopies comprised of closely spaced, short stature plants will 
have relatively low roughness length and, thereby, minimal dependence on atmospheric 
conditions.  In this case TR will be largely controlled by available net radiation (Lambers et al., 
2008). 
In terms of biomass production, E is a non-productive loss of water from an ecosystem 
whereas TR represents the potentially productive fraction of ET.  Therefore, understanding the 
proportion of ET that comes from TR, compared to directly from the soil as E, is critical in 
understanding the water use efficiency (WUE) of a particular crop.  WUE is a term that weighs a 
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crop’s productivity against its water use.  The most widely used definition of WUE refers to the 
amount of harvestable biomass per unit of water the crop uses in a given year (HWUE, 
VanLoocke et al., 2012).  However, perennial species allocate a significant portion of their 
annually fixed carbon to belowground pools that are typically not harvested, which can be seen 
as an ecosystem service.  Hence, when weighing the differential benefits of crops by their 
varying ecosystem services it is important to consider an additional definition of WUE, biome 
water use efficiency (BWUE, VanLoocke et al., 2012) that considers the total annual water use 
per annual net biome productivity (NBP).  NBP typically refers to the net change in belowground 
carbon per year.  Knowing the potential bounds of BWUE helps determine the suitability of a 
crop to a particular region and can help guide land use decisions in a changing climate.  
However, all definitions of WUE presented above are based on total ET, which only gives a 
measure of how much moisture is leaving the ecosystem as a whole.  Knowing the proportion of 
ET that is TR, which is directly used in accumulating biomass, gives a more accurate description 
of how the crop uses water.  In order to accurately predict the interplay between future climate 
and land use changes, such as where to plant perennial biofuel crops to maximize yield given 
local environmental constraints and potential climate extremes, we need to know the details of 
how crops partition ET (Kool et al., 2014).  Characterizing ET can also assist in choosing 
management strategies that ensure crop sustainability.  For example, surface irrigation might not 
be a wise choice for crops that have high E compared to TR or, perhaps, managing plant residues 
to reduce E might be considered.  Conversely, crops that are able to maintain high TR despite dry 
surface soil might be better suited to regions susceptible to transient dry periods.  This proposal 
seeks to characterize differences in how ET is partitioned in miscanthus (MXG) as compared to 
maize (ZM). 
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Partitioning ET has been a challenge for decades and is mostly done with crop models 
and a combination of various field methods.  Most models provide analytical solutions to ET by 
solving Penman-Monteith equations for the crop canopy and the soil surface separately 
(Shuttleworth & Wallace, 1985).  While these models perform well they require many resistance 
factors and other input parameters that are hard to obtain in most field studies.  More simplified 
models have been developed, including those that require only standard meteorological inputs.  
These models often use the Priestly-Taylor method, which was developed as a simplification to 
Penman-Monteith-based models, to estimate E with only radiation and temperature data (Li et 
al., 2010).  However, Priestly-Taylor models are generally limited in use to situations of low 
water stress (Suleiman & Hoogenboom, 2007).   
Crop models have occasionally been validated by field experiments measuring one or 
both components of ET.  TR has been measured with sap flow sensors or canopy chambers, while 
E has been monitored by micro-lysimeters, soil moisture monitoring, soil heat pulse 
measurements, or other micro-meteorological techniques (Kool et al., 2014).  Existing model-
field data solutions to ET partitioning are complicated by a wide range of challenges associated 
with the various field measurement techniques.  Among E measurements for example, micro-
lysimeters require a lot of preparation and cannot be used during precipitation events, chambers 
have limited spatial representativeness and alter the microclimate of the soil they are measuring, 
and micro-meteorological techniques such as micro Bowen ratio energy balance or eddy 
covariance are complex and expensive.  Stable isotope techniques have been used for ET 
partitioning in the past whereby atmospheric water vapor is collected from the field by 
condensing air at low temperatures (e.g. Helliker et al., 2002) then bringing it back to a lab to be 
analyzed via traditional isotope ratio mass spectrometry (Brunel et al., 1997; Griffis, 2013).  This 
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method is time consuming and suffers from lack of spatial and temporal resolution.  New 
technologies, such as off-axis integrated cavity output spectrometry (OA-ICOS), which 
continuously measure stable isotopes in water vapor, hold promise for partitioning ET but have 
not been thoroughly vetted in agro-ecosystems. 
This study will employ stable isotope techniques, soil lysimeters, and sap flow gauges to 
partition ET into the primary components E and TR while assessing the utility of continuous-flow 
stable isotope measurements in partitioning ET. 
 
4.2 Materials and Methods 
4.2.1 Site description 
 The study was conducted at the University of Illinois’ Energy Farm (UIEF) near 
Champaign, IL (40.064° N, 88.197° W, 224 m).  Experimental plots at UIEF (described in Zeri 
et al., 2011) consist of 0.4 Ha plots of miscanthus and a rotation sequence of maize (2008, 2009, 
2011, 2012) and soybean (2010).  Miscanthus at UIEF (described in Dohleman & Long, 2009) 
was established in 2008 and measurements were collected from mid-2008 through 2017. 
 
4.2.2 Sap flow 
Continuous transpiration measurements were obtained from Dynagage Stem Heat 
Balance sap-flow gauges (Dynamax, Houston, TX, USA).   
Dynagage sap flow gauges work on the principle of conservation of energy (Bethenod et 
al., 2000; Erickson et al., 2012).  A heater strip wrapped around the lower portion of the stem 
and insulated from the environment is heated via a constant supply of electricity.  Heat balance is 
calculated via three components; the monitored input voltage, the pre-determined amount of heat 
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conducted radially through the sensor towards the outside, and the measured heat transported 
axially upwards or downwards in the plant.  The system is calibrated each morning before 
sunrise when the plant is assumed to be not transpiring by briefly heating up and measuring 
radial heat transfer.  Heat transfer is dependent on stem area, which was measured upon 
installation of each sensor, and a thermal conductivity constant, which Dynamax suggests as 0.54 
W/m*K for maize and 0.42 for miscanthus W/m*K.  Sap flow carries heat upwards away from 
the gauge so that the temperature difference between thermocouples below and above the heater 
will be greater during periods of rapid transpiration than during periods of slow transpiration. 
Up to 8 plants were monitored via sap flow gauges.  The gauges were moved every 10-14 
days to a different set of 8 plants in the vicinity around the eddy covariance system. 
Midday data were filtered to remove visibly erroneous spikes and periods of zero values.  
All sensors were averaged then multiplied by the number of stems per square-meter.  Flow rate 
was then converted from gm/hr to mm/hr.  The stem density was surveyed twice during the 
growing season from the vicinity of the gauges and the eddy covariance system.  These stem 
count results compared well to a field-scale survey completed by another researcher. 
 
4.2.3 Lysimeters 
Soil evaporation was measured via daily measurements of micro-lysimeters (DeLucia et 
al., 2003; Robertson, 1982);  
Circular sections of polyvinyl chloride (PVC) pipe (10.5 cm diameter, 10 cm height, total 
volume 1732 cm3) with walls tapered at the bottom were hammered into the ground between 
tillers until the top rim was flush with the soil surface.  Next the lysimeter was extracted 
carefully so as to not lose any soil.  The bottom was immediately capped with a PVC cap and the 
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whole lysimeter then weighed with an electronic balance (readability 0.1 g, Model ML3001E, 
Mettler-Toledo, Columbus, OH, USA).  The lysimeter was placed back into its original hole so 
that the immediate surrounding was left undisturbed.  In the evening following a day of 
continuous isotope measurement, the lysimeters were carefully removed from their holes and 
weighed before being emptied. 
After omitting measurements that were erroneous due to soil being lost during transport 
or soil adhering to the outside walls of the lysimeters, the mass of water lost was calculated as 
the difference in weight between the morning and the evening divided by the time between 
measurements. 
 
4.2.4 Eddy Covariance 
 CO2 and water vapor flux data were collected from eddy covariance systems in the center 
of each 4 ha plot.  Eddy covariance is a technique whereby an infrared gas analyzer (IRGA, 
model LI-7500; Li-Cor Biosciences, Lincoln, NE, USA) measures the absorption caused by 
varying levels of CO2 and water vapor passing by the open path sensor.  In conjunction, a sonic 
anemometer (model 81000VRE, R.M. Young Company, Traverse City, MI, USA) measures the 
3-dimensional movement of air.  The 10-Hz data from both instruments were averaged, filtered 
and corrected according to standard practices using Eddy-Pro software.  Output from Eddy-Pro 
were further processed with the Oz-Flux data processing system (Isaac et al., 2017) through level 
3, which includes basic corrections and threshold checks. 
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4.2.5 Off-axis integrated cavity output spectrometry 
In addition to the standard eddy covariance instrumentation mentioned above, a second 
tower within 14 m of the center housed temperature and relative humidity sensors in aspirated 
shields as well as infrared radiometers (model SI-112, Apogee Instruments Inc., Logan UT, 
USA) located above (2.9 m) and below (0.2 m) the canopy.  Filtered inlets were co-located with 
each sensor and connected, via 15 m tubing (Bev-a-Line IV, Thermoplastic Inc. Stirling, NJ, 
USA), to a Los Gatos Research OA-ICOS (WVIA, Los Gatos Research, Mountain View, CA, 
USA) housed in an air-conditioned shelter.   
Air was fed into the WVIA via a multi-port inlet (MIU, Los Gatos Research, Mountain 
View, CA, USA) that alternated between the above-canopy and below-canopy inlets as well as 
the calibration device.  The above and below-canopy inlets were sampled alternatingly for 5 
minutes each followed by a 15-minute calibration cycle every hour.  During the calibration 
cycles the MIU switched to draw water vapor produced from a Los Gatos Research Water Vapor 
Isotope Standard Source (WVISS, Los Gatos Research, Mountain View, CA, USA) instead of 
the outdoor sample inlets.  The WVISS nebulizes water from a bottled standard with known 
isotope ratio and sends it through the WVIA, sequentially, at three different water vapor 
concentrations.  Measurements were made during midday so as to avoid non-steady state 
transpiration and to ensure proper boundary layer mixing. 
The Los Gatos Research WVIA is a modern laser spectroscopy system for measuring 
isotopic ratios 𝛿18O and 𝛿2H within water vapor at high temporal resolution.  The vapor is 
either introduced directly into the cavity from the environment or is first vaporized from a liquid 
sample before entering the cavity.  Within the cavity, highly reflective mirrors allow laser light 
to be transmitted many times, for a path length several kilometers long, through the vaporized 
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sample.  The absorption of the beam is monitored at predetermined wavelengths within the near-
infrared region of the spectrum and converted, using the HITRAN database (O’Keefe et al., 
1999), to ratios of hydrogen and oxygen isotopes. 
Midday leaf, stem, and soil (two pooled profiles from 0-10 and 10-30 cm layers each) 
samples were collected from 3 locations within the footprint of the inlet tower.  In addition to the 
daily surface soil samples, soil cores to 100 cm were collected via a soil auger approximately 
once per month.  Water was extracted from leaf, stem, and soil samples via cryo-distillation 
(West et al., 2006).  After resting on activated charcoal chips for at least 2 days, isotopic analysis 
of the water samples was performed with the WVISS coupled to a LC PAL liquid auto-injector 
(908-0008-9001, CTC Analytics AG, Zwingen, Switzerland).  Samples were calibrated against 
Los Gatos Research working standards, which have been referenced to international standards.  
 
4.2.6 Modeling 
Agro-IBIS (Foley, 1996; Kucharik et al., 2000) is an advanced biophysical land-surface 
model that simulates agricultural and natural ecosystems.  Recently, Agro-IBIS has been adapted 
for use with miscanthus and switchgrass (VanLoocke & Bernacchi, 2010), where it has done a 
good job simulating energy and water exchanges for these crops in the Midwestern U.S. 
(Vanloocke et al., 2012). 
The model was set up as single point simulations of maize and miscanthus crops.  It was 
run for 2014 and 2015 over the University of Illinois Energy Farm (UIEF) miscanthus and maize 
fields. 
To prepare the modeled land surface conditions, an initial 160-year spin-up (1751 – 
1910) simulation was run with potential vegetation to allow the build up soil carbon.  Next, a 
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104-year spin-up (1911 – 2014) simulation was run with continuous corn.  Both spin-up periods 
used climatological data and a random weather generator.  Following these runs actual 
meteorological data were used to drive the model.   
The model was initialized with a site-specific soil type (silt loam), 11 soil layers to a total 
depth of 2.5 m, and an assigned elevation (224 m).  Soil porosity and field capacity was set based 
on the percentages of sand, silt, and clay in the STATSGO dataset (Miller and White, 1998).  
Maximum allowed LAI was increased from 5 to 7, to match best field observations.  Planting 
and harvest dates were assigned according to farm records.  As per the DeKalb seed company’s 
information, the crop relative maturity rating was set to 112 and the growing degree-days (GDD) 
to maturity was set to 1373 for the seed planted at this location in 2015 (DKC62-77RIB Brand 
Blend).  The remaining crop phenology, including grain-fill and senescence dates, was estimated 
using the model’s built-in prognostic algorithm, which is based on the accumulation of GDD.  
To better represent the observed phenological development, the number of GDD required to 
reach physiological maturity was changed from 950 to 1395, which is based on climatology 
(1981 – 2010) for Champaign, IL (http://mrcc.isws.illinois.edu/U2U/gdd/).  
The model was driven with 30-minute meteorological forcing data collected from towers 
located in the centers of each plot or from nearby weather stations, which includes temperature 
and relative humidity (model HMP45C, Campbell Scientific, Logan, UT, USA), and down-
welling shortwave radiation (model CNR1 4-channel net radiometer, Kipp & Zonen, The 
Netherlands).  Precipitation was collected from ETI NOAH IV.  Wind speed was obtained from 
a 3-dimensonal sonic anemometer (model 81000VRE, R.M. Young Company, Traverse City, 
MI, USA).  The model was run on an hourly time step. 
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4.2.7 Keeling Approach Theory 
Evapotranspiration is partitioned into soil evaporation and plant transpiration from water 
stable isotopes measurements using a simple mixing equation;  
𝛿𝐸𝑇 =  𝑥𝛿𝐸 + (1 − 𝑥)𝛿𝑇       Eq. 1 
where δET, δE and δT are the stable oxygen isotopic compositions of evapotranspiration, soil 
evaporation and plant transpiration respectively and 𝑥 is the contribution of soil evaporation to 
evapotranspiration (Rothfuss et al., 2010). 
Evaporation leads to isotopic fractionation so water evaporated directly from the soil 
surface will be depleted in heavy isotopes (Craig & Gordon, 1965).  In contrast, water transpired 
through leaves will not be depleted from the soil water source.  Assuming the plant is in steady 
state and water in the vascular tissue is at permanent flow, the isotope ratio in leaf water will be 
the same as the source water.  Consistent with other ET partitioning studies, measurements were 
taken at midday when plant water was in steady state due to the rate of root water uptake rate 
being balanced by the rate of water leaving the stomata.  If stomatal conductance follows an 
expected parabolic pattern steady state conditions are met (Hussain et al., 2015). 
The isotopic composition of vapor generated by the soil surface was estimated by; 
𝑅𝑒 =  
1
𝛼𝑘
 ∗  (
𝑅𝑠
𝛼𝑒𝑞
 − 𝑅𝑎𝑅𝐻
1−𝑅𝐻
)       Eq. 2 
where Re is the molar ratio of heavy to light isotopes of vapor generated at the evaporating 
surface, 𝛼𝑘 is the isotope-specific kinetic fractionation factor (1.017 and 1.0189 for hydrogen 
and oxygen, respectively), 𝛼𝑒𝑞 is the equilibrium fractionation factor (Majoube, 1971), Rs is the 
molar ratio of heavy to light isotopes from liquid water in the surface soil, Ra is the molar ratio of 
heavy to light isotopes from water vapor collected above the canopy, and RH is relative humidity 
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(%)(Wang et al., 2009).  Finally, the TR fraction is estimated via a Keeling mixing model 
approach using 30-minute averaged data; 
𝛿𝑇  = (
𝛿18𝑂𝐸𝑇−𝛿18𝑂𝐸 
𝛿18𝑂𝑇−𝛿18𝑂𝐸
)       Eq. 3 
where 𝛿18𝑂𝐸𝑇  is the stable oxygen isotopic composition of ET as determined by the y-intercept 
of the Keeling plot, 𝛿18𝑂𝐸  is the stable oxygen isotopic composition of soil evaporation 
estimated with the Craig-Gordon model (Moreira et al., 1997), and 𝛿18𝑂𝑇 is the stable oxygen 
isotopic composition of plant transpiration measured from xylem water. 
 
4.3 Results 
4.3.1 Total evapotranspiration 
 Evapotranspiration (ET) follows expected seasonal pattern of increasing along with 
annual temperature, vapor pressure deficit, and vegetation growth (Fig. 4.1).   
Miscanthus had larger mid-season maxima and annual total ET whereas maize had 
slightly lower mid-season maxima and annual total ET in 2015 than in 2014 (Annual totals: 
(MXG, 2014) = 694.14 mm, (MXG, 2015) = 783.99 mm, (ZM, 2014)  = 887.26 mm, (ZM, 2015)  
= 874.34 mm). 
Both crops had less ET than precipitation [Annual surplus: (MXG, 2014) = 304.00 mm, 
(MXG, 2015) = 355.76 mm, (ZM, 2014) = 110.89 mm, (ZM, 2015)  = 265.38 mm].  In 
miscanthus, about 70% (68/76/72%, 2014/2015/2-year average) of precipitation was converted to 
ET whereas in maize about 90% (90/88/89%, 2014/2015/2-year average) of precipitation 
converted to ET (Fig. 4.2).  
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4.3.2 Soil evaporation 
Soil evaporation is a small component of total ET.  The observed growing season daily 
mean soil evaporation was 0.52 (0.88) mm/day for MXG (ZM) (Fig. 4.3).  The annual single-day 
maxima occurred immediately following large rainfall events such as the 61.7 mm precipitation 
event that occurred on 30-May 2015, with daily total soil evaporation reaching 2.04 (1.87) 
mm/day in MXG (ZM) 2 to 4 days later. 
 
4.3.3 Plant transpiration 
Plant transpiration is the dominant component of total ET.  The 2-year observed growing 
season daily mean transpiration was 3.82 (3.14) mm for MXG (ZM) (Fig. 4.4).  Since the 
number of direct transpiration observations was small, a gap-filled dataset was created.  The 
linear relationship between sap flow observations and modeled transpiration values was 
determined.  This regression equation was then used with modeled transpiration as the 
independent variable to obtain a complete yearlong observational dataset.  The 2-year growing 
season daily mean transpiration from these gap-filled observations was 3.91 (2.93) mm for MXG 
(ZM). 
 
4.3.4 Transpiration Fraction 
For both 2014 and 2015, the fraction of annual total ET that is transpiration is greater in 
MXG than in ZM (Table 4.1, Fig. 4.5).  For the May through September growing season, the 2-
year average observed transpiration fraction was 0.92 (0.63) for MXG (ZM).  Using gap-filled 
observations, the 2-year average growing season transpiration fraction was 0.90 (0.62) for MXG 
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(ZM).  IBIS simulates a similar pattern but shifted lower.  Modeled 2-year average growing 
season transpiration fraction was 0.80 (0.48) for MXG (ZM). 
 Transpiration fraction estimates from gap-filled sap flow and soil lysimeter observations 
in MXG show a rapid climb from 0 to greater than 0.80 during the period DOY 120 to 140 (Fig. 
4.5).  In ZM, the initial climb in transpiration fraction lags MXG by about 2 weeks but is just as 
rapid.  Both crops had an earlier and more gradual increase in 2015 than in 2014. 
 
 
4.4 Discussion 
Knowing the water use patterns of a particular crop can help inform land use decisions 
and foresee alterations to the hydrologic cycle caused by climate change.  It is important to 
understand how an ecosystem partitions evapotranspiration.  In crops the portion of ET that 
leaves as transpiration is directly related to crop yield.  Based on knowledge of how a crop 
partitions ET, various agronomic techniques could be employed to reduce the non-productive 
loss of water via soil evaporation. 
Many previous studies (e.g. Hickman et al., 2010; P. Le et al., 2011; Zeri et al., 2013) 
have reported higher ET in MXG than in ZM.  The current study shows lower cumulative ET in 
MXG than in ZM.  In fact, ZM total ET is nearly equal to total precipitation.  The precipitation 
surplus was at least 272 mm in MXG whereas only 64 mm (2014) and 230 mm (2015) in ZM 
and much of the latter was inflated by a precipitation event on one of the last days of the year.  
This result indicates that ZM fields could be more detrimental to ground water stores than MXG. 
The apparent divergence between this study and those preceding could be partially the 
result of persistent eddy covariance instrumentation errors that were beyond our control.  For 
example, the eddy covariance system in the MXG plot had a faulty infrared gas analyzer that 
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intermittently produced erroneous values.  In addition, the miscanthus stand is in a very different 
maturity state now than it was during previous studies.  Furthermore, climatic factors including 
an extreme drought in 2012, could have contributed to a less active MXG canopy.  A matured 
canopy that invests less carbon below ground, and thereby has lower photosynthetic activity, 
coupled with damage from drought could explain the lower ET in MXG compared to ZM.  Ours 
was not the only study to show a lower ET in miscanthus than in maize.  A similar pattern of 
perennials having ET rates not very different from maize was also seen in a recent study 
comparing 4 years of eddy covariance data obtained in the upper Midwest in a set of 
experimental fields notably similar to those at Energy Farm (Hamilton et al., 2015). 
It’s not clear how accurate our soil evaporation measurements were.  To elucidate this 
potential weakness, more lysimeters should be installed across a larger area within the plot and 
measurements should be undertaken more frequently and during months on either side of the 
growing season.  An improved lysimeter that is designed to ease the installation procedure would 
help facilitate wider deployment. 
Transpiration measurements were, overall, a very important addition to the ET 
partitioning study and the Dynagage system functioned well.  However, a significant amount of 
quality assurance and quality control was necessary to prepare the data for analysis.  With this 
experience in mind, several steps could be taken to simplify the whole process and reduce the 
data spread.  For example, it was a challenge affixing the sap flow gauges to small and 
irregularly shaped miscanthus stems.  Future work would benefit by more gauges, including 
sensors with a larger range of diameters.  This would allow direct transpiration measurements 
over a longer growing season.  Slight modifications to the installation and maintenance 
procedures would further ensure the quality of the raw sap flow data and reduce the number of 
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data points that needed to be omitted from analysis.  One example modification is to place a thin 
plastic film between the stems and the sensors to help prevent moisture from damaging the 
sensors.  Moving the gauges between plants more frequently during periods of high plant activity 
will also help ensure the health of the plants and reduce the risk of sensor damage. 
Partitioning ET with continuous flow isotope analysis is a novel and relatively un-tested 
method.  Challenges existed in each step of the process, from discovering and operating within 
the acceptable limits of the WVIA and WVISS technologies, through working around common 
fieldwork related issues like rain and dewfall, to finally post-processing questions.  Firstly, the 
calibration procedure was less than ideal.  Getting reliable calibration data was difficult due to 
the WVISS producing vapor with inconsistent [H2O].  The WVISS device behaved slightly 
different from one calibration period to the next.  For example, the length of the warm-up period 
at the beginning of each calibration period was inconsistent, which occasionally forced the 
removal of the first humidity level sub-cycle.  Also, within each sub-cycle, the vapor generated 
by the WVISS reached the target [H2O] after different durations and sometimes wasn’t reached 
until right before the end of the sub-cycle resulting in insufficient data points to establish a 
reliable calibration curve.  Adding a buffering volume could smooth the unsteady wave-like 
nature of the vapor output.  Post-processing techniques that attempt to solve a logarithmic fit to 
the curvilinear calibration data could also be used to establish a more trustworthy calibration 
function (Fig. 4.6). 
Keeling plot analysis entails several assumptions and has certain limitations.  While our 
study took precautionary measures to account for these limitations, ideal conditions could not be 
met on a consistent basis, which greatly reduced the number of measurement days that could be 
included in analysis.  Partitioning ET via the gradient Keeling plot approach requires a 
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statistically resolvable difference in the humidity and isotope values in the air between the upper 
and lower sample inlets.  A robust linear fit of a gradient Keeling plot relies on a vertically 
dependent separation in humidity and isotope values.  While our system always had at least one 
inlet above the canopy, the difference in humidity was not sufficiently divergent on all 
measurement days (Fig. 4.7). 
Installing a few widely spaced sample inlets on a tall extendable pole would help resolve 
the gradient Keeling approach.  Furthermore, successful partitioning requires clear separation of 
end-members.  On most days of our study the end-members of soil evaporation and plant 
transpiration had isotope values sufficiently separated from one another, thus allowing a clear 
partitioning of ET.  However, on a few of the measurement days the variance associated with 
each end member caused the y-intercept of the Keeling plots to fall within the error bars thus 
reducing the certainty of the TR fraction.  Future studies of this type should collect more stem 
and soil samples in order to reduce the variance of the end members. 
Weather factors often affected how well the ET partitioning method worked.  Many 
studies (e.g. Stephens et al., 2001) mention increased rates of rainfall interception and dew 
collection in MXG compared to annuals.  Since dewfall has an isotope ratio distinct from both 
evaporated soil water and transpiration, the evaporation of intercepted precipitation and dewfall 
would confound the two-member mixing model approach used in this study.  As our 
measurements were focused on midday sampling, dewfall was likely not a factor on most days.  
However, during a few of the measurement days the atmosphere maintained a relatively low 
vapor pressure deficit through the late morning and into the midday sampling period.  On these 
days dew could have remained in parts of the field upwind of the sampling inlets and led to 
biased results.  Further attempts to partition ET with the continuous water vapor isotope analysis 
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approach would benefit from careful selection against hours and days affected by the exchange 
of moisture sources other than soil or plant water. 
While the list of challenges is long, this technique holds great promise for partitioning 
ET.  It can be adapted to measure the isotopic signature of any type of vegetation, during 
different seasons, and over a variety of spatial scales.  One can envision a measurement 
campaign that utilizes continuous flow water vapor isotope analysis to obtain a near-real time 
estimate of TR fraction over multiple crops at once.  A location could be chosen that allows 
access to different vegetation types with short lengths of tubing and the same isotope analyzer.  
A manifold can draw the sample alternatingly between different crop types.  An alternative 
approach might be to place the inlets at the corner of a few different crops then, in post-
processing, data can be separated by matching the wind direction to the particular crop from 
which the wind originated. 
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4.5 Table and Figures 
Table 4.1:  Annual average climate conditions and cumulative evapotranspiration (ET), as well 
as observed, gap-filled, and modeled partitioning (TR) for 2014 and 2015 for miscanthus (MXG) 
and maize (ZM).   
 
Precip 
(mm) ET (mm) 
AirTemp (deg. 
C) TR (OBS) TR (OBS, filled) TR (Model) 
Year Total MXG ZM MXG ZM MXG ZM MXG ZM MXG ZM 
2014 606.37 481.72 655.10 20.45 20.25 0.90 0.50 0.89 0.63 0.79 0.51 
2015 669.06 532.76 610.86 21.20 21.07 0.93 0.75 0.91 0.61 0.81 0.44 
2yr 
AVG 637.72 507.24 632.98 20.82 20.66 0.92 0.63 0.90 0.62 0.80 0.48 
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Fig. 4.1:  Evapotranspiration (ET) for 2014 (left) and 2015 (right) for miscanthus 
(MXG, top) and maize (ZM, bottom) measured with eddy covariance (mm/hr). 
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Fig. 4.2:  Accumulated precipitation (P), evapotranspiration (ET), and water surplus 
(P – ET) for 2014 and 2015 for miscanthus (MXG, top) and maize (ZM, bottom) 
measured with Eddy Covariance (mm/hr). 
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Fig. 4.3:  Daily total observed (green dots) and modeled (red line (miscanthus, 
MXG), blue line (maize, ZM)) soil evaporation (E), soil moisture (Soil M, red line), 
and precipitation (Precip, blue bars) for 2014 and 2015 for miscanthus (top) and 
maize (bottom) (mm/day). 
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Fig. 4.4:  Daily total observed (black dots), gap-filled (red line), and modeled (blue 
line) plant transpiration for 2014 and 2015 for miscanthus (MXG, top) and maize 
(ZM, bottom) (mm/day). 
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 Fig. 4.5:  Transpiration fraction for 2014 (top) and 2015 (bottom) from gap-filled 
(dashed lines) and running average (solid lines) observations for miscanthus 
(MXG, red) and maize (ZM, blue). 
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Fig. 4.6:  Example of a 2-volt calibration sub-cycle showing the raw water 
vapor concentration values (dots) of the 16-Oxygen isotopologue increasing 
logarithmically (curved line) toward an asymptote (straight line) of about 
12800 ppm (y-axis) over about 600 seconds (x-axis). 
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Fig. 4.7:  Examples of water vapor concentrations in ppm (y-axes) by inlet 
height (x-axes) for all sample inlet data in miscanthus for a day (9-October 2015) 
with sufficient separation (top) and a day (24-September 2015) without enough 
humidity differences to facilitate a robust Keeling plot analysis (bottom). 
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CHAPTER 5: GENERAL CONCLUSION 
5.1 Summary 
This thesis showed that land use change (LUC), in particular that associated with planting 
perennial biofuel crops, will have significant biogeophysical impacts on the earth’s surface.  
Every aspect of life on earth is increasingly at risk due to global climate change.  Scientific 
consensus clearly ascribes most of anthropogenic climate change to the dramatic increase of CO2 
driven by society’s dependence on fossil fuel (IPCC, 2013).  Governments and corporations 
around the world are gradually becoming more serious about taking precautions to slow global 
warming.  As of December 2017, 170 of the 197 signatory countries (United National 
Framework Convention Change, 2017) have ratified the latest Paris Agreement to the Kyoto 
Protocol (Jacquet & Jamieson, 2016; Morgan & Northrop, 2017), which sets internationally 
binding targets for reductions in greenhouse gas emissions.  Driven by the desire for lower 
greenhouse gas emissions but also other socio-economic incentives such as less dependence on 
foreign oil imports, the U.S. and other countries have been pursuing the development of a biofuel 
industry, which seeks to produce alternative fuels from plant-derived ethanol.  Significant 
research has focused on the biogeochemical effects associated with growing biofuel crops and 
diverting a portion of energy usage from oil, gas, and other petrochemicals to biofuel-derived 
ethanol.  This includes the CO2 removed from the atmosphere during the growth of the biofuel 
crop as well as the CO2 used during transport, processing, and burning of the biofuel.  Far less 
attention has been given to the biogeophysical consequences that the biofuel industry will have 
on the surface energy budget.  The research presented in this thesis clearly shows numerous ways 
in which the biogeophysical changes associated with careful expansion of the biofuel industry 
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can be leveraged to improve upon the biogeochemical benefits realized from growing biofuel 
crops. 
Several modeling and life cycle analyses have simulated changes caused by albedo 
differences between existing cropland and what might occur from transitioning to biofuel crops.  
However, they have used simplified assumptions and observational evidence supporting these 
findings was limited.  Using multiple years of field-based observations gathered from 3 locations 
in central IL, I showed that in general, perennials have higher annual average albedo than annual 
row crops although the difference was only statistically significant between miscanthus and row 
crops (Miller et al., 2015).  Growing season albedo was distinctly different between crops with 
the highest being miscanthus followed by switchgrass then row crops.  Averaged over the course 
of the study, winter albedo had the opposite trend among the crops, though statistical 
significance was obscured by year-to-year variations in snow cover.  During periods when snow 
covered the ground, harvested annual row crop fields had very high albedo whereas non-
harvested perennial fields were moderate.  After perennials are harvested, their albedo does not 
differ substantially from that of row crops.  Overall, these albedo measurements showed that 
planting perennial biofuel crops resulted in a large negative radiative forcing to the surface 
energy balance. 
These albedo measurements were incorporated into improved parameterizations within 
the biophysical model, Agro-IBIS, which was then used to simulate various land management 
strategies that could be utilized to help the agriculture industry adapt to changing climate (Bagley 
et al., 2015).  An important finding from these simulations is that growing crops that are better 
able to utilize the longer growing season that is expected in a warmer climate reduced the ratio of 
sensible to latent heat flux and lowered soil temperatures compared to short-season crops.  
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Furthermore, reductions in net solar radiation occurred from two different climate-smart 
management techniques, 1. expanding the use of no-till agriculture and 2. planting more 
perennial crops.  Interestingly, though, this effect varied by latitude, season, and climate (i.e. 
current vs. future) scenario.  The heterogeneity of the impact of these simulated LUCs suggests 
the need for additional analyses but also highlights their flexibility.  This study outlined only a 
few of many potential climate-smart management techniques.  Wise land stewardship should 
utilize a variety of land management strategies, adjusting each based on the economic, 
ecological, and climatic factors of the particular region in question. 
Future work should focus on developing a set of sustainable best management practices 
and identifying locations for biofuel processing centers.  For example, since the ability of 
perennials to reduce net surface radiation is greatest in areas that will receive less snow, models 
that couple agro-ecosystem, climate, and economic simulations should be used to identify 
regions that will receive less snow in the future and where farmers are more likely to adopt no-
till agriculture. 
 
5.2 Discussion 
With the increasing pressure on arable land for food as well as fuel, LUCs are inevitable.  
Greater demands are being placed on nearly every land class (Schmitz et al., 2013).  The drivers 
of LUC are complex and involve both natural phenomena such as precipitation and temperature 
changes but also societal pressures.  Globalization, which continues to expand and enhance the 
interconnectedness of people around the world (Yu et al., 2013), is one driver of land-use 
displacement (Hess et al., 2016; Meyfroidt et al., 2013).  Additionally, climate change will 
increasingly become a potent cofactor driving economic and LUCs.  Multi-disciplinary studies 
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that incorporate economic and climate science modeling warn of significant economic damage.  
For example, global warming as projected by the 8.5 W m-2 Representative Concentration 
Pathway (van Vuuren et al., 2011), which assumes business-as-usual emissions, is projected to 
cause a 1.2% decrease in U.S. global domestic product per 1°C increase in temperature (Hsiang 
et al., 2017).  The same projections show a redistribution of economic wealth around the U.S., 
which will inevitably drive LUC.  
Land-use decisions, in particular those involving agricultural lands, are becoming more 
critical and are being complicated by climate change (Bagley et al., 2012; Field et al., 2014; 
Foley et al., 2011).  Twenty-five percent of global population and 50% of global cropland is 
currently limited by insufficient precipitation, and this percentage is likely to grow (Bernacchi & 
Vanloocke, 2014).  Providing sufficient water in some regions might require adding irrigation 
systems, which would put tremendous stress on the nation’s aquifers (Elliott et al., 2014).  An 
alternative approach might be to make land-use choices that fit the region’s climate thus allowing 
for the continuance of the less environmentally taxing rain-fed agriculture. 
As the specter of climate change grows, using land management as a form of climate 
change mitigation will become a more common tool (Tsiafouli et al., 2017).  A promising way of 
using land characteristics to ameliorate local climate change while still providing ecosystem 
services is to plant more perennial crops (Asbjornsen et al., 2013; Bagley et al., 2015; Werling et 
al., 2014).  Due to their substantial root systems and the fact that many warm-season perennial 
grasses utilize the water-efficient C4 photosynthesis variant (Heaton et al., 2008), perennials 
crops can grow on degraded and drought-prone land (e.g. Carroll & Somerville, 2009; Davis, 
Dohleman, & Long, 2010; Gunderson et al., 2008; McLaughlin & Walsh, 1998; Wilson et al., 
2013).  Thus, they could be planted on lands that are currently used for growing common annual 
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crops but are consistently underperforming relative to their potential due to frequent droughts, 
floods, or other causes.  A more probable scenario than replacing currently active row croplands 
with perennials, however, is to plant perennials on marginal lands, such as land currently part of 
the Conservation Reserve Program (LeDuc et al., 2016).   
As global climate change alters the distribution of land surface types, more perennial 
crops could be planted.  In addition to their ability to grow on nutrient-poor or drought-prone 
land, perennials are more capable of growing in flood plain and riparian zones than most row 
crops (Blanco-Canqui, 2010).  Planting perennials on marginal land that is not currently under 
agricultural production will avoid competition with valuable food crops while still growing 
enough feedstock to sustain a biofuel industry.  In fact, there is more than sufficient marginal 
land to achieve targets for ethanol produced from second-generation biofuel crops (DeLucia et 
al., 2014; Gelfand et al., 2013; Robertson et al., 2017).  Planting perennial crops on marginal 
land would not only provide for strategic maximization of ecosystem services, it would also have 
the potential to directly moderate global warming.  Perennial crops have been shown to have 
higher albedo and more latent heat flux relative to current row crops (Bagley et al., 2015; Miller 
et al., 2015).  Thus their expansion will lead to reduced net surface radiation, which will help to 
mitigate surface temperature increases (Aragon et al., 2017; Wagner et al., 2016; Wang et al., 
2017). 
The expansion of perennial biofuel crops can be used in conjunction with agricultural 
intensification and diversification as a way to meet our needs for food, fiber, and fuel.  Planting 
perennial biofuel crops is not only a way to increase ecosystem services but also a highly 
customizable form of climate mitigation.  Since there is evidence that the rate of change of many 
climate-related factors is accelerating and becoming increasingly unpredictable (Bernacchi & 
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Vanloocke, 2014), land conversion to perennial biofuel crops is an invaluable addition to our 
climate adaptation strategies. 
 
5.3 Future Work 
 While my work has shown that perennial biofuel crops should be a central consideration 
in land management strategies due to their potential for increasing global productivity and 
mitigating climate change, there are still several aspects of land management choices that 
deserve further investigation. 
Using intentional LUC such as planting perennial biofuel crops needs to be carefully 
vetted.  This effort should include mutually supportive model simulations and field observation 
campaigns.  Field experiments should be chosen based on areas of uncertainty or unexpected 
findings from regional model simulations.  Data from field experiments should then be used to 
make the model parameterizations more realistic. 
A library of sustainable climate-smart scenarios should be developed that include various 
permutations of crop varieties, planting locations, and agronomic details.  These will include an 
outline of best management practices including planting density, planting and harvest dates, 
fertilizer and irrigation levels, and tillage type.  These suggestions will be tailored by region, 
future climate scenario, and agro-economic situation.  Climate-mitigation guidance could also be 
included, such as when to harvest perennial biofuel crops so as to take advantage of surface 
cooling via higher snow albedo but without removing the crop before it’s able to translocate vital 
nutrients to below ground (Miller et al., 2015). 
Among the future scenarios that are imperative to understand, hydroclimate shifts caused 
by climate or LUCs are of particular concern to the future of agro-ecosystems.  Currently the 
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majority of agricultural land is not irrigated and so relies on precipitation, yet precipitation 
patterns are likely to change and become more unpredictable (Andresen et al., 2013; Rosenzweig 
et al., 2002; Wuebbles & Hayhoe, 2004).  Expanding irrigation is logistically difficult in some 
regions and economically or environmentally too costly in other regions (Foley, 2005).  
Therefore, details regarding changes to hydrology caused by planting perennials should be 
further elucidated so as to not cause detrimental consequences to critical water reserves and 
potential yields.  The evaporation of water is a highly energy-intensive process (Bernacchi & 
Vanloocke, 2014).  Vegetation exerts strong control over latent heat fluxes via controlling the 
movement of water between the surface and the atmosphere through transpiration and also 
surface evaporation.  Therefore vegetation has a direct influence on the global energy and water 
balance. 
When considering various climate-smart management scenarios, it is important to 
understand how potential biofuel crops affect evapotranspiration (ET) on a more detailed level.  
Specifically, it is important to understand patterns of ET partitioning, or the separation of ET into 
plant transpiration and soil evaporation, for different crops, different hydro-climate zones, and 
different management practices.  Transpiration is a more direct measure of crop physiology than 
ET.  Therefore transpiration is a better proxy for predicting yields or the rate at which nutrients 
are utilized.  Knowledge of how ET partitioning shifts in different situations can be used to 
adjust management techniques such as planting density, fertilization, or irrigation scheduling.  
Therefore, understanding ET partitioning is a crucial step in developing climate-smart 
management strategies. 
Below ground changes to biomass (roots) and soil nutrients caused by transitioning to 
perennial biofuel crops should be examined further.  Planting perennial biofuel crops generally 
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sequesters CO2 from the atmosphere (Post et al., 2012).  Observational evidence confirms the 
primary mechanism, the increase of soil organic carbon (Kantola et al., 2017), by which this 
sequestration occurs.  However, the question remains whether this increase will diminish over 
time and lead to a detrimental effect on the carbon sequestration potential of perennial biofuel 
crops. 
Experiments should be conducted that test the sensitivity of candidate biofuel crops to 
extremes of temperature and moisture.  Initial findings suggest that extended periods below 
freezing can cause irreversible damage to young rhizomes (Zeri et al., 2011).  Drought can also 
damage miscanthus crops (Ings et al., 2013).  While miscanthus is much more resilient than 
annual crops to short-term drought-like conditions, tentative studies suggest a long-term impact 
on miscanthus stand health with a lag in future growth (Joo et al., 2016; Joo et al., 2017).  
Including upper and lower limits to climate sensitivity in integrated models discussed above 
would ensure long-term sustainability of land use decisions. 
The research represented by this thesis and countless other studies like it can be useful for 
guiding future climate-smart science and informing those that make land management decisions.  
However, dissemination is a challenge.  For example, some researchers still naively claim that 
the impact of, “…LUC-driven differences in albedo, evapotranspiration, and surface roughness 
to biophysical forcing of surface climate remain unclear (Burakowski et al., 2017)”.  
Government agencies (e.g. USDA, EPA, DOE), non-governmental agencies (e.g. Soil Science 
Society of America, The Nature Conservancy, etc.), and university extension programs should 
spread scientifically based information related to climate-smart management techniques via their 
publicly available documents and extension agents. 
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Careful study of a broad-range of land use diversification strategies is important for 
ensuring a sustainable and economically resilient agro-economic sector.  Historically, rapid LUC 
associated with agricultural intensification and expansion has led to dramatic environmental 
problems such as the Dust Bowl, water body eutrophication, Gulf of Mexico hypoxia, aquifer 
contamination, wildlife destruction, chemical spills, accidental spill-over of agrochemicals into 
nearby fields, and soil degradation.  Of these, soil degradation is perhaps the most worrisome and 
long-term problem.  Since the turn of the century Midwest U.S. soils have lost about 50% of 
their original carbon due to agriculture (Fig. 5.1, Matson et al., 1997).  Soil erosion compounded 
with intensive agriculture is continuing to deplete soil quality (Pimentel et al., 1995).  
Furthermore, pests and weed outbreaks are increasing in severity and intensity (Meehan et al., 
2011).  In response, herbicides, pesticides, and fertilizers are being used in increasing amounts 
(Fig. 5.2, Howarth et al., 2002; Matson et al., 1997).  Land diversification offers alternative 
solutions to agro-economic challenges and can help avoid many environment problems. 
We have tools available to help guide wise land use and management decisions that 
maximize productivity and minimize deleterious effects on our land and climate.  Lest we want 
to repeat past environmental disasters, we should heed President Roosevelt’s warning, “The 
nation that destroys its soil destroys itself,” (Baveye et al., 2011).  Society is at a crossroads with 
regards to global food and energy production.  By drawing on the full breadth of scientific and 
socio-economic tools at our disposal, we can chart a wise path for sustainable land management. 
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5.4 Figures 
 
 
  Fig. 5.1:  Total soil carbon in central U.S. corn belt simulated from beginning of 
large-scale conversion to agriculture.  Source: Matson et al., 1997. 
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Fig. 5.2:  Nitrogen inputs and fixation in U.S. agriculture.  Source: Howarth et al., 
2002. 
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